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Synopsis
The mitochondrial DNAs of yeasts from the Dekkera/Brettanomyces 
and Eeniella genera were characterized by restriction site and genomic 
mapping. Through summation of fragment sizes generated by 14 or more 
different restriction endonucleases, sizes were determined and are in good 
agreement with previously published figures (McArthur and Clark-Walker, 
1983) . B. custersianus has a mtDNA of 28.49 Kbp, E. nana of 34.45 Kbp, 
B. naardenensis of 41.7 Kbp, B. anomalus of 57.7 Kbp, D. Intermedia of 
73.2 Kbp, D. bruxellensis of 85.0 Kbp and B. custersii of 101.1 Kbp. A 
total of 342 restriction sites are mapped on these seven molecules, 48 to 
54 per mtDNA. All these molecules are circular in their appearance.
Location of genic sequences for the large and small ribosomal RNA, 
cytochrome oxidase subunits I, II and III, cytochrome b and ATPase 
subunits 6 and 9 were obtained for each mtDNA by hybridization using 17 
different probes (see Table C-l in Appendix C). In some cases it was not 
possible to determine the extent or orientation of the genic sequences 
because some probes containing either the 5' or 3 ' ends of the genes did 
not hybridize to the mtDNA under the described conditions (see Chapter III 
and Table C-l in Appendix C). Furthermore two URF1 hybridizable sequences 
were located on the mtDNAs of B. custersianus and B. anomalus. No 
hybridizable sequences were detected for the ATPase subunit 8 and the varl 
probes. All seven molecules displayed clustering of genic sequences with
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increasing intergenic spacer regions corresponding to the size of the 
molecule. The overall size of intergenic regions varied from 10.5 Kbp in 
B. custersianus to 73 Kbp in B. custersii. Lower buoyant densities of the 
larger molecules imply that the spacer regions consist of A+T rich 
sequences. Three functional genes were detected on the opposite strand, 
the cytochrome b genes of the Dekkera species and the cytochrome oxidase 
subunit I gene of B. anomalus are inverted with respect to the direction 
of transcription of the LrRNA genes in these species. The identical gene 
order and conservation of some restriction sites in the three smallest 
mtDNAs of B. custersianus, E. nana and B. naardenensis implies the close 
affinity of E. nana with the Dekkera/Brettanomyces genus to which it 
formerly belonged. In the case of the Dekkera species there are only 
three differences in the restriction site maps and the gene order is 
identical. This close affinity supports the amalgamation of D. intermedia 
and D. bruxellensis into one species. Aforementioned observations 
underline the importance of including mtDNA comparison as a useful tool in 
phylogenetic and taxonomic studies of yeast.
The dendrograms or evolutionary trees of the seven yeast mtDNAs 
generated on the basis of restriction site comparison revealed the 
following stucture: One supergroup consists of B. naardenensis, E. nana 
and B. custersianus whereby the former two are more closely related than 
the latter two. The percentage nucleotide divergence between 
B .custersianus and E. nana is about 12% whereas it drops to around
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10% between the latter and B. naardenensis. Another supergroup consists 
of D. intermedia, D. bruxellensis and B. custersii. The Dekkera 
species are very closely related with a percentage nucleotide divergence 
of only 1.0%. The distance between the latter species and B. custersii 
mtDNA is about 24%. B. anomalus mtDNA has a percentage nucleotide 
divergence of about 24% with the former mtDNA but with the other five 
species it ranges from 37% to 48%, thus placing it outside either
supergroup.
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Abbreviations
mtDNA mitochondrial DNA
bp base pair
Kbp 3base pair x 10
Et Br ethidium bromide
ssc standard saline citrate
OD.640 optical density measured at a wavelength of 640 nm
nm 1 x 10  ^m
Hi 1 x 10-6 1
A adenine nucleotide
C cytosine nucleotide
G guanine nucleotide
T thymine nucleotide
TE 10 mM TRIS/1 mM EDTA buffer, pH =7.5
TA standard restriction digest buffer (see appendix A)
SDS Sodium dodecyl sulphate
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CHAPTER I: Introduction
A: Introductory remarks:
Since the discovery that mitochondria contain their own DNA the 
molecular genetics of these organelles has been extensively studied in 
many organisms (Nass and Nass, 1963). The molecular data derived from 
these studies exhibit a number of interesting and unexpected phenomena. 
In mammals and other vertebrates the size of mtDNA is remarkably stable 
around 16 Kbp (Anderson et al., 1981, 1982; Bibb et al., 1982), whereas 
insect mtDNA shows more variability from 15.8 Kbp to 19.7 Kbp (Fauron and 
Wolstenholme, 1976; Clary and Wolstenholme, 1985). By contrast mtDNA in 
plants range from a very small 15 Kbp in Chlamydomonas (Grant and Chiang, 
1980) to 2560 Kbp in muskmelon (Ward et al., 1981). Variability is 
particularly striking in the muskmelon plant family where sizes range from 
352 Kbp to the aforementioned 2560 Kbp (op. cit.). A similar situation is 
encountered in the yeast genus Dekkera/Brettanomyces where mtDNA ranges 
from 28.5 Kbp in B. custersianus to 101.1 Kbp in B. custersii (McArthur 
and Clark-Walker, 1983). Another remarkable aspect of mtDNA is the 
constant occurrence of some genes. Such genes code for the large and
small ribosomal RNA, cytochrome c oxidase subunits I, II and III,
apocytochrome b, ATPase subunit 6 and a set of tRNAs. Although most
higher plant mtDNAs have not been studied yet in such detail,
circumstantial evidence points to a constant core of genes similar to the
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ones detailed above (see Forde and Leaver, 1980; Leaver et al., 1982; 
Boutry et al., 1984; Sederoff, 1984; Bendich, 1985). However some genes 
have a variable occurrence being present in some mtDNAs and not in others. 
For instance ATPase subunits 8 and 9 have been located on various fungal 
mtDNAs. In addition a number of unassigned reading frames (URFs) have 
been discovered on mammalian mtDNAs and some of those are also found in 
fungal mtDNAs (Brown et al., 1983; Anderson et al., 1981, 1982; Bibb et 
al., 1982; Lang et al., 1983; Nelson and Macino, 1985). URFs in mammalian 
mtDNAs are now thought to encode components of the NADH-dehydrogenase 
complex (Chomyn et al.,1985).
This study is concerned with the size variation and conservation of 
genetic contents in seven species of yeast belonging to two genera, namely 
Dekkera/Brettanomyces and Eeniella. These closely related yeasts 
exemplify in their mtDNA a number of the conserved and divergent 
characteristics mentioned above. Study of mtDNA structure in these yeasts 
could help to expand our knowledge on DNA evolution and should contribute 
to understanding taxonomic relationships amongst these organisms.
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B : mtDNA in Ascomycetes
1) Saccharomyces cerevisiae mtDNA: an outline, 
a) The structure of mtDNA.
The basis for investigating mtDNA structure in yeasts comes from 
the well characterized genome of Saccharomyces cerevisiae. This yeast 
has a circular mtDNA ranging in size from 68-80 Kbp. The circularity of 
this molecule was disputed in the sixties. Some groups reported circular 
or linear molecules of varying sizes (Avers et al., 1969; Shapiro et al., 
1968; van Bruggen et al., 1968). This last group argued that the various 
linear molecules were degraded remnants of a larger molecule caused by the 
isolation procedure of the DNA. Hollenberg et al. (1970) were later the 
first group to show the presence of 25 Jim supercoiled circular mtDNA. 
These results were later confirmed by Peters et al. (1973). This group 
worked on a different S. cerevisiae strain and measured a contour length 
of 21 Jim. This strain dependent size variation was later vindicated by 
restriction endonuclease analysis (Sanders et al., 1977). In S. 
cerevisiae the mitochondrial genome makes up 10 - 15% of the total cell 
DNA. On average 50 copies of the molecule are found per haploid yeast 
cell (Williamson et al., 1977).
Bernardi et al (1970) reported a G+C content of only 17 mol % 
(chemically determined) for the mtDNA as compared with 35% for the nuclear 
counterpart (Tewari et al., 1966) . Half of the mt genome was found to consist 
of A+T rich sequences, in which the G+C content is less than 5 mol %,
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interspersed with regions of normal base composition where the G+C content 
is intermediate (25 - 50 mol %) (Prunell and Bernardi, 1974) . These A+T 
rich sequences have an average length of 600 bp. The interspersed regions 
of intermediate G+C content (25 - 50%) were called genes by Bernardi and
colleagues. They have an average size of 530 bp and make up about 50% of 
the genome.
With the help of restriction enzymes it is possible to perform 
controlled and repeatable restrictions of DNA. Bernardi and co-workers 
described two extraordinary aspects of S. cerevisiae mtDNA, namely the 
occurrence of about 35 bp long sequences with restriction endonuclease 
site clusters for Hpa II and Hae III. The 35 bp short sequences have G+C 
contents of between 45 - 60 mol %. And secondly G+C rich sequences (~50 
bp) were described with a G+C content above 60 mol % which did not have 
any recognition sites for Hpa II or Hae III restriction endonucleases. 
Prunell and Bernardi (1977) suggested that the G+C rich sequences could be 
involved in controlling gene expression. Subsequent sequencing of most 
S. cerevisiae genes has confirmed that intermediate G+C rich (25 - 50 mol 
%) sequences are flanked by A+T rich sequences (Macino and Tzagoloff, 
1980; Coruzzi and Tzagoloff, 1979; Bonitz et al., 1980; Thalenfeld and 
Tzagoloff, 1980) . The importance however of the Hpa II/ Hae III 
restriction site clusters and the high G+C rich sequences as regulatory 
control elements is doubtful. Comparative studies of mitochondrial DNAs 
indicate that these sequences are absent in othert yeast mtDNAs and 
mammalian mtDNA (Clark-Walker and McArthur, 1978; Anderson et al., 1981, 
1982; Bibb et al., 1982; Lang et al., 1983; Clark-Walker et al., 1985).
Butow et al. (1985) speculated that the presence of some G+C rich clusters
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at specific positions appear to be strain dependent (see also Sor and 
Fukuhara, 1982). Therefore it is difficult to believe that such G+C rich 
clusters play a significant role in gene expression.
b) The genetic content of mtDNA.
The structural genes present on the S. cerevisiae mitochondrial 
genome code either for components of the electron transport chain or for 
subunits of the ATPase complex. It is thought that the high 
hydrophobicity of these mitochondrially encoded proteins must have 
prevented translocation of their genes into the nucleus. The remaining 
genes code for components of the mitochondrial translation machinery,
namely large and small ribosomal RNA, 25 tRNAs and a ribosome associated
protein also called varl (Groot et al. / 1979; Terpstra et al., 1979;
Terpstra and Butow, 1979) . No URFs as found on mammalian, insect and
other fungal mtDNAs are present (Anderson et al., 1981; 1982; Bibb et al., 
1982; Clary and Wolstenholme, 1985; Lang et al., 1983; Brown et al., 
1983).
Three coding regions of the S. cerevisiae mtDNA are mosaic in 
structure: LrRNA, cytochrome oxidase subunit I and cytochrome b. The 
number of intervening sequences in the last two genes can vary and is 
partly responsible for the strain dependent size variation in S. 
cerevisiae (Sanders et al., 1977).
The LrRNA gene contains two introns, the larger called CO is 1122 
nucleotides in length while the shorter one is 66 bp and is located 156 bp
upstream from the 5' end of the large intron. The mini-insert is not
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excised from the mature RNA and its function is unknown (Dujon, 1980). 
The sequence of the gene and its flanking regions, revealed an open 
reading frame in the intervening sequence (Sor and Fukuhara, 1983; see 
also Jacquier and Dujon, 1985). This ORF encodes a protein which is 
active in the excision of the intron from the large, 5.1 to 5.4 Kbp, 
primary transcript (Merten et al., 1980). Jacquier and Dujon (1985) also 
noted that this protein actively promotes the dispersion of this co intron 
in the population, implicating transposase activity. The optional 
character of this intron is accentuated by the fact that it is not 
required for the splicing of the intron (Jacquier and Dujon, 1985) .
The gene for the subunit I of cytochrome oxidase is 9,979 
nucleotides in length and contains 7 to 8 exons and 6 or 7 introns (Bonitz 
et al., 1980). The size of the coding region is disproportionately large 
for a protein of 510 amino acids (around 56,000 dalton). A messenger RNA 
of around 1500 bp would be sufficient for such a protein (actual coding 
region is 1533 bp). The intervening sequences are partly responsible for 
the strain dependent size variation as highlighted by restriction 
endonuclease mapping (Sanders et al., 1977). The absence or presence of 
some introns does not affect the functionality of this protein. Four 
introns contain open reading frames (ORFs) which are in phase with their 
preceding exons. The fifth intron has extensive sequence homology at the 
amino acid level with the first intron of cytochrome b (Schmelzer et al., 
1983) . It also has been reported that this intron is capable of self­
splicing in vitro (v.d.Veen et al.,1986). The cores of the posssible 
secondary structure models for the RNA are nearly identical and prominent 
sequences stretches are well conserved (Schmelzer et al., 1983) . The
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transcription of this gene is strongly linked to that of the cytochrome b 
(see below).
Two naturally occurring forms of the cytochrome b gene have been 
reported, a long and short version. The long version has 5 or 6 introns 
(Lazowska et al., 1980) whereas in the short version, the first 4 exons 
are linked together (Nobrega and Tzagoloff, 1980) . Both forms of the gene 
encode a functional product (Jacq et al., 1982) . The mature mRNA is 2,200 
nt long of which 1,155 nucleotides are coding for the protein, the 
remaining 1,045 nucleotides are untranslated leader sequence.
Mutations in intervening sequences are extremely helpful to 
elucidate the pathways of transcript splicing and analysis of the 
mechanism of splicing itself (Bechmann et al., 1980) . Some cis-dominant 
mutations have been described (Borst and Grivell, 1978; Bechmann et al., 
1980) and Haid and co-workers (1980) reported that mutations in cytochrome 
b introns caused the accumulation of multiple new polypeptides. They also 
noted that intronic mutations interfere with splicing. Internal intronic 
sequences are important for RNA splicing by contrast to nuclear introns 
where the GT...AG boundary rules apply (for review see Lewin, 1982; 
Schmelzer et al., 1983). Weiss-Brummer and colleagues (1983) noted that 
intron sequences that affect splicing are always found at distances of 25 
- 436 bp to the 5' or 3' exon - intron boundaries (see also: Anziano et 
al., 1982; Jacq et al., 1982; De La Salle et al., 1982; Schmelzer et al., 
1983 and Weiss-Brummer et al., 1982). The first mentioning of an intron 
encoded protein with maturase activity was made by Bechmann et al., 1980. 
The long form of the cytochrome b gene has 3 open reading frames which are
in phase with their preceeding exons and are thought to code for maturases
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(Lazowska et al., 1980; Weiss-Brummer et al., 1982; 1983). The product of 
the fourth cytochrome b intron (bl4) not only controls excision of this 
intron but also interacts with the primary transcript of the cytochrome 
oxidase subunit I (Mahler et al., 1982; Jacq et al., 1982 and Weiss- 
Brummer et al., 1982). The other two intronic ORFs are thought to code 
for maturases which promote the excision of these introns.
The varl region codes for the only mitochondrial ribosomal protein 
in yeast (Lambowitz et al., 1976) and is essential for the production of 
mature mito-ribosomes. The size of the varl protein is strain dependent 
but there are no phenotypic differences. A number of in-frame insertions 
have been reported for this gene which are responsible for size increases 
up to 7% (Hudspeth et al., 1984) . The extreme A+T richness of this gene 
(89.6 mol %) led some researchers to speculate that the gene arose 
through recombination events of intergenic sequences (Butow et al., 1985) . 
Sequence homologies between a 15 nucleotide consensus sequence common to 
the varl gene and various parts of the S. cerevlsiae mt genome support 
this idea. Another interesting feature of the varl gene is the occurrence 
of 5 G+C rich clusters of which 2 are invariant and 3 are optional 
(Hudspeth et al., 1984). Other optional G+C rich clusters are found near 
the ATPase subunit 9 gene and within the large and small rRNA genes (Sor 
and Fukuhara, 1982; 1983) and within the reading frame of a cytochrome b 
intron (Gargouri et al., 1983). The optional element of these inserts 
does not support an important function. The real purpose of these G+C
rich clusters remains unknown.
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2) mtDNA of some other yeasts.
Studies on mtDNA from different yeasts has revealed a number of 
interesting characteristics. Most obvious is size variation ranging from 
17.3 Kbp in one strain of Schizosaccaharomyces pombe (Zimmer et 
al.,1984), 18.9 Kbp in T. glabrata (O'Connor et al., 1976) to 101.1 Kbp 
in B. custersii (McArthur and Clark-Walker, 1983) . Although most of the 
yeast mtDNAs are circular, a linear version has been reported for the 
yeast Hansenula mrakii, 55 Kbp in length (Wesolowski and Fukuhara, 1981) .
A third striking feature is the occurrence of sequence rearrangements as 
revealed by genomic mapping of mtDNAs from T. glabrata, Kloeckera 
africana, Saccharomyces exiguus (Clark-Walker and Sriprakash, 1981; 
Clark-Walker et al., 1983), Sch. pombe (Lang et al., 1983), Kluyveromyces 
lactis and Saccharomycopsis lipolytica (Wesolowski et al., 1981) . This 
suggests that the mitochondrial genomes of various yeasts in separate 
genera have been in a state of constant change since diverging from a 
common progenitor. Therefore it is necessary to examine the extent of 
these changes and the mechanism that perpetrated them.
Considering the four smaller yeast mitochondrial DNAs of T. 
glabrata, K. africana (27.1 Kbp), S. exiguus (23.1 Kbp) and Sch. pombe, 
the most striking aspect of these genomes is that although 50 - 60 Kbp of 
DNA are lacking with respect to S. cerevisiae mtDNA, they contain almost 
identical sets of genes. Each of these molecules contains genes for three 
subunits of cytochrome oxidase, cytochrome b, two or three subunits of the 
ATPase complex as well as 23 - 25 tRNA genes and LrRNA and SrRNA. The
size differences between these molecules can be attributed mainly to the
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absence of large A+T rich intergenic sequences in the smaller molecules 
(Lang et al., 1983; Clark-Walker and Sriprakash, 1983; Clark-Walker et 
al., 1985). A logical explanation for this size variance could be that 
the smaller molecules arose through elimination of these intergenic 
sequences, or that a larger molecule such as S. cerevisiae mtDNA would 
have acquired them through transposition and duplication events.
Presence or absence of introns in mosaic genes could be used as an 
indication of or the direction of evolution and a measure of divergence 
between yeasts. Subunit I of cytochrome oxidase has a mosaic organization 
in most of the aforementioned genomes, although the exact number of exons 
and introns is not known yet in T. glabrata , K. africana and 5. 
exiguus (Clark-Walker and Sriprakash, 1981; 1983) . The presence of 
introns in smaller molecules however must be of some importance as they 
can contribute up to 25% of the total genome size (e.g. in Sch. pombe; 
Lang, 1984) . Another interesting feature of Sch. pombe mtDNA is the open 
reading frame in the second intron of the cytochrome oxidase subunit I 
gene which shares extensive amino acid homology (~ 70%) and the same 
relative location with an intron in the cognate gene in Aspergillus 
nidulans mtDNA (Lang, 1984) . The level of overall homology between 
exonic sequences of structural genes from Sch. pombe, A. nidulans and 
S. cerevisiae mtDNAs is quite low implicating a longer divergence time 
between these yeasts than between introns of cytochrome oxidase subunit I 
of the latter two mtDNAs (Lang, 1984) .
It is likely that the five intervening sequences found in the S. 
cerevisiae cytochrome b gene have been deleted from the cognate gene in
T. glabrata. This is deduced from sequence comparison showing that S.
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cerevisiae and T. glabrata mtDNAs have a later divergence than S. 
cerevisiae, Sch. pombe, A. nidulans and Neurospora crassa. Yet all 
the latter organisms contain mosaic cytochrome b genes. The simplest 
interpretation of these data is that the T. glabrata mtDNA cytochrome b 
gene has lost the intron(s) (Clark-Walker, op. cit.). In this context it 
is interesting to note that the cytochrome b gene in Sch. pombe has a 
single intervening sequence of 2,526 bp in length. However it does not 
share extensive homology nor is its relative location within the gene 
similar to any of its counterparts in S. cerevisiae, A. nidulans or N. 
crassa mtDNA (Lang et al., 1983). Moreover Lang and co-workers (1985) 
reported that the RNA transcript from the intronic open reading frame 
could assume a secondary structure which is almost identical to that 
proposed for the first (group II) cytochrome oxidase subunit I intron in 
S. cerevisiae (Michel et al., 1982) . This would imply that introns were 
part of either the cytochrome b or cytochrome oxidase subunit I gene in 
the ancestral ascomycete mtDNA.
On T. glabrata and Sch. pombe mtDNA most genes are interspersed 
with tRNA genes or clusters of tRNA genes. It is generally accepted that 
these tRNA genes act as RNA transcript-processing sites (Lang et al., 
1983; 1985; Clark-Walker et al., 1985). This situation is reminiscent of 
transcription processing described for mammalian mtDNA (Ojala et al., 
1981). However there are some differences between the transcription 
process of these small mtDNAs. The mammalian mtDNA is transcribed in both 
directions as polycistronic mRNA whereas all genes in T. glabrata and 
Sch. pombe are transcribed from one strand only. Furthermore several size 
classes of mtRNA have been identified for T. glabrata and Sch. pombe and
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in the former yeast a number of transcription and initiation sites have 
been identified (Clark-Walker et al., 1985; Lang et al., 1983).
The mitochondrial genome of Sch. pombe seems unusual in two 
aspects. Codon usage follows the universal code and there is an URF 
sequence (URFa) which does not show homology to any other URF detected in 
fungal, mammalian or insect mtDNA.
Finally the mtDNA of K. africana has an inverted duplication with 
the repeated sequence extending for 4.3 Kbp and having one end terminating 
in the large ribosomal RNA gene so that at least 1 Kbp of this gene is not 
repeated (Clark-Walker and Sriprakash, 1981) . This was the first report 
of such a duplication in mtDNA. A similar situation has been described 
for the mitochondrial genome of the watermold Achyla ambisexualis, where 
the repeat length encompasses the whole LrRNA gene and extends for 9.6 Kbp 
(Hudspeth et al., 1983). This situation is reminiscent of chloroplast DNA 
where the LrRNA coding sequence is usually present in two copies on 
inverted repeats (Palmer et al., 1985).
Considerable rearrangements are found when comparing mtDNAs of 
various yeasts. These data suggest that gene order is not a conserved 
feature of yeast mtDNA, implying that this feature may not be a critical 
prerequisite for the expression of mitochondrial genes. In general yeast 
mtDNAs have the following conserved features. They contain genes for 
large and small ribosomal RNAs, 23 to 25 tRNAs, three subunits of the 
cytochrome oxidase, cytochrome b and two or three subunits of the ATPase 
complex. On the other hand the ribosome associated protein (or varl) and 
some URFs may be present on some mtDNAs and not on others. In addition 
genes for LrRNA, cytochrome oxidase subunit I and cytochrome b have
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optional introns. Moreover neither the size nor the gene order are 
important for the functionality of the molecule. It is envisaged that the 
most important element that contributes to the mtDNA size variation is the 
amount of spacer or intergenic sequences. Similar properties have been 
reported for mtDNAs from filamentous ascomycetes as described below.
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3) mtDNA in filamentous ascomycetes. 
a) Aspergillus nidulans .
The mitochondrial genome of A. nidulans is a circular molecule 
about 32 - 37 Kbp in length (Lopez-Perez and Turner, 1975) . Mapping 
studies have shown that the number of coding regions on this mt genome is 
larger than of S. cerevisiae mtDNA. Apart from the common structural 
genes for the three subunits of cytochrome oxidase, apocytochrome b, 2 
subunits of the ATPase complex (6 and 8), large and small ribosomal RNA 
and tRNAs, the A. nidulans mtDNA molecule codes for 6 unidentified 
reading frames (URFs) (Turner et al., 1979; Macino et al., 1979; Grisi et 
al., 1982; Netzker et al., 1982; Brown et al., 1983). Two of these URFs 
show homology to human URF1 and 4 (Brown et al., 1983). The difference in 
gene order between S. cerevisiae and A. nidulans mtDNA could be 
explained by a number of inversion and/or translocation events. 
Furthermore the size difference may have been caused by deletion of A+T 
rich sequences.
Both the cytochrome oxidase subunit I and cytochrome b genes are 
mosaic in structure, whereby it is interesting to note that the position 
of the cytochrome b intron in A. nidulans is located at the same 
relative position as the third intron in this gene in S. cerevisiae 
(Lazowska et al., 1981) . Also there is good amino acid homology between 
the open reading frames located in these two intervening sequences (Waring
et al., 1982).
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The tRNAs of A. nidulans are clustered in two groups located 
between the LrRNA and cytochrome oxidase subunit I genes and the 
cytochrome oxidase subunit III and LrRNA coding sequences (Kochel et al., 
1981; Netzker et al., 1982). In one respect this is reminiscent of the 
situation found in S. cerevisiae mtDNA where there is also a cluster of 
tRNA genes directly adjacent to the LrRNA gene (Fukuhara et al., 1976; 
Wesolowski et al., 1980).
A further similarity between 5. cerevisiae and A. nidulans is 
the occurrence of ragged mutants. These mutants are similar to petite 
mutants where large parts of the mtDNA are deleted and the remaining parts 
are amplified (Ephrussi et al., 1949; Faye et al., 1973). Mitochondrial 
DNA isolated from ragged mutants contains amplified sequences in the form 
of multiple head to tail repeats (Lazarus et al., 1980; Lazarus and 
Küntzel, 1980). Restriction endonuclease site mapping and southern 
hybridization analysis have shown that all amplifications come from two 
regions of the mtDNA.
b) Neurospora crassa.
N. crassa has a mt genome of around 62 Kbp. It contains the same 
set of coding sequences as S. cerevisiae mtDNA and in addition some 
unidentified reading frames (Nelson and Macino., 1985). The Neurospora 
genus displays size variation of mtDNA which ranges from 60 to 73 Kbp 
(Collins and Lambowitz, 1983). Mapping studies have revealed that these 
strain dependent variations are concentrated in regions outside the 
ribosomal RNA and tRNA coding sequences. There is strong conservation of
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sites and gene order between different strains in this region coding for 
the mitochondrial ribosomal genes. The size differences can be attributed 
to deletions or insertions occurring outside this conserved region. 
Restriction endonuclease mapping studies and hybridization experiments 
have shown that most of these insertions can be traced back to optional 
introns in the cytochrome oxidase subunit I coding region. A similar 
situation is reported for mtDNAs from S. cerevisiae strains (Sanders et 
al., 1977; Bonitz et al., 1980).
Large parts of the N. crassa mt genome have been sequenced (Burke 
and RajBhandary, 1982; v.d. Boogaart, 1982; Citterich et al., 1983; de 
Jonge and de Vries, 1983; Nargang et al., 1983; Burke et al., 1984; Burger 
et al., 1985). These studies together with restriction endonuclease 
mapping studies have revealed that a single inversion of the cytochrome 
oxidase subunit II and cytochrome b gene order can generate the same gene 
topology as found in A. nidulans mtDNA. Furthermore the genes for the 
large ribosomal RNA, cytochrome oxidase subunit I, cytochrome b and ATPase 
subunit 6 all had a mosaic organization. It is of interest to note that 
both URF 1 and 5 contain intervening sequences, one and three respectively 
(for review see Nelson and Macino, 1985). Some of the URFs (1 and 5) 
share extensive homology to A. nidulans and human URFs. This implies 
that the mitochondrial DNA of N. crassa could also code for components of 
the NADH-dehydrogenase complex (Chomyn et al., 1985). N. crassa mtDNA 
also contains an open reading frame potentially encoding for the ATPase 
subunit 9, however analogous to the situation in A. nidulans mtDNA this 
gene is nuclear encoded and synthesized in the cytoplasm (Jackl and
Sebald, 1975; Turner et al., 1979).
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The LrRNA gene is interrupted by one large intron (2295 bp), 
containing an ORF, which is located at the same relative position as its 
counterpart in S. cerevisiae mtDNA (Hahn et al., 1979; Heckman and 
RajBhandary, 1979; de Vries et al., 1979; Mannella et al., 1979; Burke and 
RajBhandary, 1982). The ORF codes for a mitochondrial ribosomal protein 
(S5), accentuating the uniqueness of this intron in comparison to its 
counterpart in S. cerevisiae appearing to encode a gene for a maturase 
protein which also displays transposase and double stranded endonuclease 
activity (Dujon, 1982; Jacquier and Dujon, 1985; Zinn and Butow, 1985; 
Colleaux et al., 1986).
The cytochrome oxidase subunit I gene can contain up to 4 optional 
introns (Burger et al., 1982; Collins and Lambowitz, 1983). Comparative 
studies of these optional introns between N. strains has led Collins and 
co-workers to suggest that the ancestral form of this gene must have 
contained 4 introns, a form which is reminiscent of the "long" version of 
the S. cerevisiae gene (Bonitz et al., 1980).
The structure of the cytochrome b gene in N. crassa mtDNA has 
been revealed through sequencing studies (Citterich et al., 1983). It has 
two intervening sequences which do not show great homology to either S. 
cerevisiae or A. nidulans cytochrome b introns, whereas the exon 
sequences coding for the polypeptide show good matching (60% and 79% 
repectively). The second intron contains an ORF which is in phase with 
its preceeding exon.
Like A. nidulans , mtDNA from N. crassa has tRNA genes in 
clusters situated upstream and downstream from the LrRNA and SrRNA 
sequences. Flanking these tRNAs as well as the LrRNA and SrRNA genes are
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G+C rich palindromic sequences containing Pst I recognition sites (Yin et 
al., 1982) . These (palindromic) sequences form a hairpin structure 
consisting of a pyrimidine tract followed by a 18 bp stretch with 2 Pst I 
restriction sites in the loop section, followed by another 18 bp stretch 
of purines complementary to the pyrimidines. Yin et al. (1982) suggested 
a RNA processing function for these palindromic structures, as they were 
found interspersed between tRNA genes. This idea was later rejected by 
Breitenburger and RajBhandary (1985) who showed that mtRNA transcripts 
undergo cleavage at tRNA sequences (Burger et al., 1985; Breitenburger et 
al., 1985). This leaves the actual function of the G+C rich palindromic 
sequences still open to speculation. Moreover not all genes in N. crassa 
mtDNA are flanked by tRNA sequences. This implies that either there are 
multiple promoters and termination signals or that there must be 
additional signals for RNA processing.
c) Podospora anserina.
The mitochondrial genome of P. anserina is a large 94 Kbp 
molecule that codes for 3 subunits of cytochrome oxidase, cytochrome b, 2 
subunits of the ATPase complex as well as large and small rRNAs, and 
tRNAs. Analogous to N. crassa and S. cerevisiae the genes for large 
ribosomal RNA, cytochrome oxidase I and cytochrome b are mosaic in 
structure. The size of the coding regions for the last two genes is 23 
Kbp and 7 Kbp respectively (Kiick et al., 1985) . The coding region for the 
LrRNA is quite long by comparison 3.8 Kbp and has two intervening
sequences (Wright and Cummings, 1983) . The smallest intron of 1.65 Kbp
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occupies a unique position in the gene whereas the second intervening 
sequence of 2.73 Kbp, is located at the same relative position as its 
counterpart in S. cerevisiae namely 400 - 600 bp from the 3' end of the
gene (Sor and Fukuhara, 1983) .
The first intron of the cytochrome oxidase subunit I is of 
interest because of its implications in senescence. Senescence or 
vegetative death is a typical feature of P. anserina. It expresses 
itself by stoppage of all vegetative growth (Rizet, 1953). Early in the 
sixties it was established that senescence and life span were maternally 
inherited in intra- and inter-racial crosses and that it involved a 
transmissable cytoplasmic factor (Marcou, 1961). Much later mitochondria 
were implicated as the sole causing agent for senescence (Smith and 
Rubenstein, 1973) and Cummings and colleagues (1979a) established that
senescence lead to a new class of mitochondrial DNA molecules. Early in 
the eighties Ktick and co-workers (1981) reported that a plasmid like DNA 
(called pi DNA), isolated from a senescent culture, was the causing agent 
of vegetative death (see also Cummings et al., 1979b). It was shown that 
this pi DNA originated from the first intron in the cytochrome oxidase 
subunit I gene (Ktick et al., 1985) . Based on these observations a
molecular model for senescence was proposed, consisting of four steps 
describing the excision of the first intron from the cytochrome oxidase 
subunit I gene and its subsequent amplification and insertion (through 
transpositions) into mitochondrial and nuclear structural genes.
In summary it can be seen that mtDNAs from filamentous ascomycetes 
share some characteristics with yeast mtDNA. The three aforementioned
mitochondrial genomes share a conserved set of genes coding for 6
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polypeptides and elements of the mitochondrial translation machinery. 
Size variance is of the same order of magnitude as found in various yeast 
strains. And transcriptional control through tRNA excision from primary 
transcripts seems to be similar to yeast mitochondrial genomes. However 
some features distinguish these mitochondrial genomes from yeast mtDNAs. 
Firstly both gene topology and restriction sites do not seem to be 
strongly conserved with respect to other mitochondrial DNAs. A. nidulans 
mtDNA contains 6 URFs of which 4 do not show homology to other URFs found 
on mitochondrial DNAs (Brown et al., 1983). N. crassa has its unique Pst
I palindromic sequences dispersed all over its mt genome. Furthermore its 
URFs (1 and 5) contain intervening sequences a situation so far not 
observed for any other mitochondrial URF. And finally P. anserina mtDNA 
has a unique intervening sequence in its LrRNA gene and an intron from the 
cytochrome oxidase subunit I is directly responsible for the senescence of
the organism.
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C : Aims of the present study
It is clear from the information presented above that mtDNA in 
both yeast-like and filamentous ascomycetes has undergone many changes 
since these organisms diverged from a common ancestor. However in most 
cases the mechanisms and pathways of change are unknown. Nevertheless 
small alterations such as deletions/additions and base substitutions can 
be directly read from restriction site and sequence comparisons. These 
molecular data can in turn be used to deduce phylogenetic relationships 
between molecules and knowing the phylogeny it should be possible to 
deduce the most likely pathway of change. As a model system for studying 
mtDNA evolution the genus Dekkera/Brettanomyces was chosen as mtDNAs from 
these yeasts have nearly a fourfold size range (28 - 101.1 Kbp; McArthur 
and Clark-Walker, 1983). This range almost encompasses the size 
variability (17.3 Kbp - 101.1 Kbp) from all known yeasts. Not only will 
these studies provide valuable information on likely pathways of mtDNA 
evolution but a promising method of determining taxonomic relationships 
between yeasts may be developed. With this in mind advice was obtained 
from Dr.M.Smith of 'Centraal Bureau voor Schimmelcultures, Baarn, the 
Netherlands' to include Eeniella nana in the present study. This yeast 
had formerly been classified as Brettanomyces nana but was removed to a 
separate genus on physiological and morphological grounds (Smith et al., 
1981). In an endeavour to ascertain what weight physiological and 
morphological characteristics should carry, this yeast was included in the
analysis.
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with all restriction endonucleases used in this study can also be found in 
Appendix A (see table A-l).
C : Construction of restriction endonuclease site maps
Fragmentation patterns of restriction endonucleases that recognize 
six base pair sites such as Sal I, Cla I or Hin dill were examined for 
each mtDNA. Those producing single or double cutting patterns (either one 
or two fragments) were chosen as a 'starting set'. In each case single, 
double and triple digests of these selected restriction endonucleases were 
used to produce preliminary maps with on average 3-6 sites. Subsequent 
combinations of these 'starting sets' with other restriction endonucleases 
having higher frequencies of restriction (such as Hpa II, Hae III or Ava 
II) enabled the location of up to 54 different sites per genome (see 
tables II-l and II-2).
The site chosen for the origin of mtDNA maps was a Cla I site.
This site happens to be at the 3' end of the LrRNA gene of all seven
genomes (see Fig. III-10). This site was selected because the four
largest mitochondrial genomes lacked a Sal I site which is normally chosen 
as an origin (see Clark-Walker and Sriprakash, 1981/ Clark-Walker et al., 
1983; Anziano et al., 1983/ Kück et al., 1985). Table II-l gives 
information about the number of mapped restriction endonuclease sites on 
each of the seven mt genomes. Table B-l in Appendix B gives the number of 
mapped sites combined with the actual number of sites for each tested
restriction endonuclease.
D : Mapping gels
For practical reasons it is impossible to show all the 
approximately 150 mapping gels that were necessary to map the 342 
restriction sites on the seven studied mitochondrial genomes. Therefore 
representative gels and details of map construction will be described for 
only one mtDNA, that from E. nana.
Fig. II-l depicts an agarose gel with E. nana mtDNA digestions 
using the following restriction enzymes: Hin dill, Hpa II, Cla I, Sal I, 
Pvu II and Pst I. In this case the 'starting set' of enzymes consisted of 
the former four enzymes as they have either unique or two recognition 
sequences (i.e. Cla I) on the E. nana mtDNA. After having established 
through summation of restriction fragments that the average size of this 
molecule is 34.5 Kbp, it was necessary to localize the relative position 
of these 'starting set' restriction sites. From lane 13 it was found that 
the Pst I and Pvu II sites are 7.55 Kbp apart. The combination of the 
former enzymes with Sal I (see lanes 11 and 12) revealed their relative 
positions. The Sal 1/ Pvu II digestion yields two fragments: 23.10 Kbp 
and 11.35 Kbp respectively, whereas the Sal 1/ Pst I digestion gives rise 
to 30.65 Kbp and 3.8 Kbp fragments. From these measurements it follows 
that the Sal I and Pst I sites are only 3.8 Kbp apart and the Sal I and 
Pvu II sites are 11.35 Kbp apart. Considering the 7.55 Kbp distance 
between the Pst I and Pvu II sites it follows that the logical sequence of 
these sites must be: Sal I - Pst I - Pvu II; or with the appropriate 
sizes: Sal I - Pst I = 3.8 Kbp; Pst I - Pvu II = 7.55 Kbp.
The combination of Cla I with the Sal I and Pvu II enzymes (in 
lanes 4 to 6) enabled the calculation of the relative positions of the Cla
Figure II-l.
0.7% Agarose gel with E. nana mtDNA digests 
(lanes 4-13)
Lane 1: pBr322 DNA size marker (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I and Alu I)
Lane 2: X DNA Hin dill size marker
Lane 3: X DNA Xho I size marker (for details on
DNA size markers see Table A-2 in Appendix A; Sizes
in Kbp are shown on the left side of the gel).
Lane 4: Cla I
Lane 5: Cla 1/ Sal I
Lane 6: Cla 1/ Pvu II
Lane 7: Cla 1/ Hpa II
Lane 8: Hpall
Lane 9: Cla 1/ Hin dill
Lane 10: Hin dill
Lane 11: Sal 1/ Pst I
Lane 12: Sal 1/ Pvu II
Lane 13: Pvu 11/ Pst I
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I sites. The Cla I digest by itself yields two fragments: 24.85 Kbp and 
9.6 Kbp. The Cla 1/ Sal I digest (lane 5) shows that the 9.6 Kbp Cla I 
fragment is slightly decreased in size and therefore must contain a Sal I 
site. The Cla 1/ Pvu II digest (lane 6) shows an intact 9.6 Kbp Cla I 
fragment and two new fragments: 23.0 Kbp and 1.85 Kbp respectively. It is 
apparent that the larger 24.85 Kbp Cla I fragment contains a Pvu II site 
located 1.85 Kbp from either one of the Cla I sites. Combining Pvu II and 
Sal I digestions should reveal the distance between these two sites (see 
lane 12) and indirectly establish the sequence of the four restriction 
sites from Cla I, Pvu II and Sal I. The digestion in lane 12 shows a 
11.35 Kbp fragment thus establishing that this is the distance between the 
Sal I and Pvu II sites. Keeping in mind that the Sal I site lies very 
close (~ 0.1 Kbp) to either one of the Cla I sites of the 9.6 Kbp fragment 
and combining this with the aforementioned data leads us to the following 
sequence (with the distances in Kbp listed behind the restriction sites): 
Cla I (arbitrarily chosen as the origin) - Sal I (=0.1 Kbp); Sal I - Pst I 
(=3.8 Kbp); Pst I - Cla I (= 5.7 Kbp; this is inferred from the distances 
between the Sal I - Pst I sites and the total size of the Cla I 9.6 Kbp 
fragment); Cla I - Pvu II (= 1.85 Kbp). Only this sequence coincides with 
all the fragment sizes seen on th.is gel (see lanes 4, 5, 6, 12 and 13) . 
These 5 sites can now be used as reference points for further digestions.
This gel also shows that Hin dill and Hpa II have 5 and 3 
recognition sites respectively (see lanes 10 and 8). Using the 'starting 
set' restriction enzymes in combination with the aforementioned enzymes, 
it is now possible to deduce the correct position of the fragments 
generated by these enzymes.
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The Hpa II/ Cla I and Hpa II digestions shown in lanes 7 and 8 
indicate that the 18.5 Kbp Hpa II fragment must contain a Cla I site. The 
11.25 Kbp and 4.7 Kbp Hpa II fragments are unchanged in the double digests 
and therefore cannot contain Cla I sites. Furthermore the intact 9.6 Kbp 
Cla I fragment implies that it does not have any Hpa II recognition sites. 
Therefore the occurrence of two new fragments, 6.85 Kbp and 2.05 Kbp 
respectively, must have come from restriction of the 18.5 Kbp Hpa II 
fragment by Cla I. The addition of the newly generated fragments with the 
Cla I 9.6 Kbp fragment yields the correct size of the Hpa II fragment: 9.6 
+ 6.85 + 2.05 = 18.5 Kbp. To establish the relative positions of these 
three fragments further combination digestions are necessary (see later 
and the explanation with figs. II-2 and II-4).
The Hin dill/ Cla I and Hin dill digests shown in lanes 9 and 10 
reveal the following facts. The Hin dill digestion yields 5 fragments:
11.05 Kbp; 8.6 Kbp; 8.0 Kbp; 5.4 Kbp and 1.4 Kbp respectively. The Cla 1/ 
Hin dill digestion yields two Cla 1/ Hin dill fragments leaving the 8.6 
Kbp, 5.4 Kbp and 1.4 Kbp Hin dill fragments intact. This implies that the
11.05 Kbp and 8.0 Kbp Hin dill fragments contain Cla I sites. Also 
because the 9.6 Kbp Cla I fragment has disappeared it must follow that 
this fragment contains at least one Hin dill site. Therefore further 
combination digestions are necessary to locate the relative positions of 
these fragments (see figs. II-3 and II-4).
Fig. II-2 depicts combinations of digestions of Hpa II, Bam HI and 
'starting set' endonucleases, to map the position of the fragments 
generated by the former restriction enzymes. Furthermore another unique 
site was located namely Sac I, 1.3 Kbp distant from the Sal I site (see 
lane 13). In addition the Hpa II/ Sph I digest in lane 7 implies that Sph
Figure II-2.
0.7% Agarose gel with E. nana mtDNA digests
(lanes 4-13)
Lane 1: pBr322 DNA size marker (Eco RI; Pvu 11/ Eco RI; Bam 
HI/ Pst I and Alu I)
Lane 2 : X DNA Hin dill size marker
Lane 3: X DNA Xho I size marker (for details on
DNA size markers see Table A-2 in Appendix A; Sizes
in Kbp are shown on the left side of the gel).
Lane 4: Hpa II
Lane 5: Hpa 11/ Sal I
Lane 6: Hpa 11/ Sac I
Lane 7 : Hpa 11/ Sph I
Lane 8: Bam HI
Lane 9: Bam HI/ Sal I
Lane 10: Bam HI/ Pst I
Lane 11: Bam HI/ Pvu II 
Lane 12: Bam HI/ Cla I
Lane 13: Sal 1/ Sac I
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I has no recognition sequences on this genome. The Hpa II/ Sal I and Hpa 
II/ Sac I digestions in lanes 5 and 6 respectively both left the 11.25 and 
4.7 Kbp Hpa II fragments intact. The 18.5 Kbp Hpa II fragment which 
encompasses the 9.6 Kbp Cla I fragment is cut into two new Hpa II/ Cla I 
fragments. The Hpa II/ Sal I digest yields 11.55 Kbp and 6.95 Kbp 
fragments, whereas the Hpa II/ Sac I digestion gives 10.25 Kbp and 8.25 
Kbp fragments. The Cla 1/ Sal I digestion (see lane 5 of fig. II-l) 
suggested that one of the Cla I sites is in close proximity to the Sal I 
site. Combinations of Cla I and Sal I enzymes with Hpa II (see lane 7, 
fig. II-l and lane 5, fig. II-2 respectively) yield 6.85 Kbp and 6.95 Kbp 
fragments, thus implying that there must be Hpa II sites at these 
distances from the Cla 1/ Sal I sites cluster. Combining these data leads 
to the conclusion that the 18.5 Kbp Hpa II fragment contains the following 
restriction sites and subfragments: Hpa II - Cla I (= 6.85); Cla I - Sal I 
(=0.1 Kbp); Sal I - Sac I (=1.3 Kbp); Sac I - Cla I (=8.2 Kbp) and Cla I 
- Hpa II (= 2.05 Kbp). The addition of these subfragments yields the 
expected 18.5 Kbp. This still leaves the relative position of the two 
remaining Hpa II fragments unclear. Further combination digests with 
other enzymes are necessary to solve this problem (see later and see figs. 
II-3 and II-4) .
The Bam HI digestion shown in lane 8 indicates that there are 3 
recognition sequences present on the E. nana mtDNA yielding fragments of 
23.45 Kbp; 7.6 Kbp and 3.4 Kbp respectively. Moreover the Bam HI 
combination digestions on this gel (in lanes 9 to 12) show us that the 7.6 
Kbp and 3.4 Kbp Bam HI fragments do not have recognition sites for the 
following enzymes: Sal I, Pst I, Pvu II and Cla I respectively. This 
leaves only one option namely that the 23.45 Kbp Bam HI fragment must
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contain recognition sites for all these enzymes. The Bam HI/ Sal I digest 
restricts the 23.45 Kbp Bam HI fragment into two fragments: an
approximately 7.3 Kbp and a 16.15 Kbp fragment. The Bam HI/ Pst I digest
however yields 12.35 Kbp and 11.10 Kbp fragments, and in the Bam HI/ Pvu 
II digest also two new fragments occur: 18.65 Kbp and 4.8 Kbp 
respectively. Finally the Bam HI/ Cla I digest restricts the large 23.45 
Kbp Bam HI fragment into 3 fragments, namely the original 9.6 Kbp Cla I 
fragment and two Bam HI - Cla I fragments of 7.2 Kbp and 6.65 Kbp 
respectively. As the relative position of the Cla I, Pst I, Pvu II and
Sal I sites is known, it is possible to deduce the correct order of all
the Bam HI subfragments. From the Bam HI/ Cla I digest it is clear that 
the 23.45 Kbp encompasses the 9.6 Kbp Cla I fragment making it necessary 
to decide which side to place the 7.2 Kbp and the 6.65 Kbp fragments. The 
Pvu II site is at a distance of 1.85 Kbp from the second Cla I site (see 
explanation fig. II-l) therefore one would expect to find either a 5.35 
Kbp fragment (7.2 Kbp - 1.85 Kbp = 5.35 Kbp) or a 4.8 Kbp fragment (6.65
Kbp - 1.85 Kbp = 4.8 Kbp) in the Bam HI/ Pvu II double digest. As the 
latter is found, the correct order of subfragments on the 23.45 Kbp Bam HI 
fragment is: Bam HI - Cla I (= 7.2 Kbp); Cla I - Cla I = 9.6 Kbp; Cla I - 
Pvu II = 1.85 Kbp and Pvu II - Bam HI = 4.8 Kbp. To substantiate this 
result the data from the Bam HI/ Sal I and Bam HI/ Pst I digestions were 
performed. If there is a Bam HI site 6.65 Kbp away from the second Cla I 
site there should be a 16.15 Kbp Bam HI - Sal I fragment and a 12.35 Kbp 
Bam HI - Pst I fragment. Both fragments can be seen in lanes 9 and 10 
respectively. The location of the remaining two Bam HI fragments (7.6 and 
3.4 Kbp) will be deduced from fig. II-4.
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Sofar the relative position of the following sites have been 
located (listed in a clockwise orientation): Bam HI - Hpa II = 0.35 Kbp; 
Hpa II - Cla I (origin) = 6.85 Kbp; Cla I - Sal 1 = 0 . 1  Kbp; Sal I - Sac I 
=1.3 Kbp; Sac I - Pst I = 2.5 Kbp; Pst I - Cla I = 5.7 Kbp; Cla I - Pvu 
II = 1.85 Kbp; Pvu II - Hpa II = 0.2 Kbp and Hpa II - Bam HI = 4.6 Kbp. 
Some of these distances have been inferred from the known sizes and 
relative position of adjacent sites. For instance the Bam HI - Hpa II
0. 35 Kbp fragment was inferred from the fact that the Bam HI - Cla I 
fragment is 7.2 Kbp in size (see lane 12) whereas the Hpa II - Cla I 
fragment is only 6.85 Kbp in size (see lane 7, fig. II-l).
Fig. II-3 illustrates the Hin dill combination digests. 
Combinations of Hin dill with the 'starting set enzymes' Cla I, Sal I, Sac
1, Pst I and Pvu II enables us to position the various Hin dill fragments. 
The Hin dill/ Hae III digestion in lane 10 shows that there are no Hae III
sites on the E . nana mtDNA. The Hin dill/ Sal I digest in lane 7
produces two new fragments: 5.4 Kbp and 2.6 Kbp respectively. As the
original 8.0 Kbp Hin dill fragment has disappeared, it must be assumed
that this fragment contains a Sal I recognition site. The Hin dill/ Cla I 
digestion (shown in lane 9 fig. II-l) clearly indicates that the 8.0 Kbp 
Hin dill fragment also contains a Cla I site. This double digest (Cla 1/ 
Hin dill) yields 4 new fragments, namely: 8.45 Kbp; 5.5 Kbp; 2.6 Kbp and 
2.5 Kbp. Combining the data from these two double digests (Hin dill with 
Cla I and Sal I respectively) leads to the correct order of subfragments 
on the 8.0 Kbp Hin dill fragment: Hin dill - Cla I = 2.5 Kbp; Cla I - Sal 
1 = 0 . 1  Kbp and Sal I - Hin dill = 5.4 Kbp. The Hin dill/ Pst I digestion 
(in lane 8) confirms this sequence as there are two new fragments in this 
double digest which were predicted from the previous results: 6.4 Kbp and
Figure II-3.
0.7%
Lane
Lane
Lane
Lane
Lane
Lane
Lane
Lane
Lane
Lane
Agarose gel with E. nana mtDNA digests 
(lanes 4-11)
1: pBr322 DNA size marker (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I and Alu I)
2: X DNA Hin dill size marker
3: X DNA Xho I size marker (for details on
DNA size markers see Table A-2 in Appendix A; Sizes 
in Kbp are shown on the left side of the gel).
4: Hin dill
5: Hin dill/ Hpa II
6: Hin dill/ Cla I
7: Hin dill/ Sal I
8: Hin dill/ Pst I
9: Hin dill/ Sac I
10: Hin dill/ Hae III
Lane 11: Hin dill/ Pvu II
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1.6 Kbp. The Pst I site is 3.8 Kbp distant from the Sal I site so
therefore one would expect to find 6.4 and 1. 6 Kbp Hin dill - Pst I
fragments: Sal. I - Hin dill = 5.4 Kbp minus 3. 8 Kbp (= distance between
Sal I and Pst I) =1.6 Kbp. In a similar fashion the position of the 6.4 
Kbp fragment can be deduced. The Hin dill/ Sac I digestion has not been 
cut to completion, therefore both the 8.0 Kbp and the two newly generated 
4.1 Kbp and 3.9 Kbp fragments are visible in lane 9. The Hin dill/ Pvu II 
digestion in lane 11 shows that the 11.05 Kbp Hin dill fragment has been 
cut into two new subfragments of 6.55 Kbp and 4.55 Kbp respectively. As 
we now know that the 8.0 Kbp Hin dill fragment extends for 1.6 Kbp beyond 
the Pst I site, the distance between this Hin dill site and the Pvu II 
site must be 5.95 Kbp. No such fragments appear in the Hin dill/ Pvu II 
digest. However the existing 4.55 Kbp Hin dill - Pvu II fragment leaves 
exactly 1.4 Kbp over to fill in the gap. This happens to coincide in size 
with the 1.4 Kbp Hin dill fragment. No other combination of the remaining 
8.6 Kbp and 5.4 Kbp Hin dill fragments can attain the same result.
Sofar we have ascertained the position of the following sites 
(number of sites in brackets): Cla I (2); Pst I (1); Pvu II (1); Sal I 
(1); Sac I (1) and the relative position of the following fragments: Hpa 
II - Hpa II (18.5 Kbp); Bam HI - Bam HI (23.45 Kbp); Hin dill - Hin dill 
(11.05 Kbp); Hin dill - Hin dill (8.0 Kbp) and Hin dill - Hin dill (1.4 
Kbp). This gives us the following sequence of sites, starting with the 
origin: Cla I - Sal I = 0.1 Kbp; Sal I - Sac I = 1.3 Kbp; Sac I - Pst I = 
2.5 Kbp; Pst I - Hin dill = 1.6 Kbp; Hin dill - Hin dill = 1.4 Kbp; Hin 
dill - Cla I = 2.7 Kbp; Cla I - Pvu II = 1.85 Kbp; Pvu II - Hpa II = 0.2 
Kbp; Hpa II - Bam HI = 4.6 Kbp; Bam HI - Hin dill = 1.7 Kbp. This is 
followed by a gap of 9.3 Kbp where no sites have been mapped as yet,
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subsequently there are fragments from Bam HI - Hpa II = 0.35 Kbp; Hpa II - 
Hin dill = 4.35 Kbp and finally Hin dill - Cla I = 2.5 Kbp. The Bam HI - 
Hin dill = 1.7 Kbp and Hpa II - Hin dill = 4.35 Kbp fragments have been 
inferred by subtraction. These inferred fragments have been confirmed by 
digestions of Hin dill/ Hpa II and Hin dill/ Bam HI as shown in lane 5, 
fig. II-3 and lane 3, fig. II-4 respectively. The former double digest 
yields 8 bands with the generation of 5 new fragments of which one is the 
predicted 4.35 Kbp. The position of two Hin dill fragments 8.6 Kbp and 
5.4 Kbp and two Hpa II fragments (11.25 Kbp and 4.7 Kbp) remains unsolved. 
The last 4.7 Kbp Hpa II fragment does not have a Hin dill site (see lane 
5, fig. II-3). Concentrating on the Hin dill and Hpa II fragments the 
sequence sofar is as follows: Hpa II - Hin dill = 4.35 Kbp; Hin dill - Hin
dill = 8..0 Kbp; Hin dill - Hin d m = 1.4 Kbp; Hin dill - Hpa II = 4.7
Kbp; Hpa II - Hin dill = 6.3 Kbp. This leaves 9.65 Kbp of the total
molecule unaccounted for. As there are only two Hpa II fragments left,
11.25 and 4.7 Kbp, there are only two possible locations. By calculation 
only one combination gives rise to the pattern seen in lane 5 of fig. II- 
3. Namely the last Hpa II - Hin dill fragment (6.3 Kbp) can be divided 
into the original Hpa II 4.7 Kbp and a Hin dill - Hpa II 1.6 Kbp fragment 
as seen in this lane. The 11.25 Kbp Hpa II fragment must therefore lie 
between these 18.5 Kbp and 4.7 Kbp Hpa II fragments (in a clockwise 
orientation). The 11.25 Kbp Hpa II fragment is not seen in this digest 
(lane 5), therefore it must be assumed that it contains at least one Hin 
dill recognition site. The 1.6 Kbp Hpa II - Hin dill leaves only 9.65 Kbp 
over of the 11.25 Kbp Hpa II fragment. As the 5.4 Kbp Hin dill fragment 
does not seem to contain any Hpa II sites it must be assumed that it is
wholly contained within this 9.65 Kbp fragment. There are only two
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unassigned Hin dill fragments remaining namely, 5.4 Kbp and 8.6 Kbp, so 
again there are only two possibilities. Either the 5.4 Kbp Hin dill 
fragment follows the 1.6 Kbp Hpa II - Hin dill fragment directly or the 
8.6 Kbp Hin dill fragment is adjacent to this fragment. The pattern in 
lane 5 suggests that the 8.6 Kbp Hin dill fragment contains Hpa II sites, 
so that leaves only one combination open namely that the 5.4 Kbp Hin dill 
fragment is juxtaposed to the 1.6 Kbp Hpa II - Hin dill fragment. The 
complete sequence of the Hin dill and Hpa II fragments therefore must be 
as follows (starting from the previously mentioned 1.6 Kbp Hpa II - Hin 
dill fragment): Hin dill - Hin dill = 5.4 Kbp; Hin dill - Hpa II = 4.25 
Kbp; Hpa II - Hin dill = 4.35 Kbp.
Fig. II-4 depicts the data used in mapping the remaining Bam HI 
fragments (7.6 Kbp and 3.4 Kbp). As the positions of the Hin dill and Hpa 
II sites are now known, combining these restriction endonucleases with Bam 
HI should give us the exact sequence of the Bam HI fragments. The known 
sequence sofar of the Hin dill/ Bam HI fragments is as follows: Bam HI - 
Hin dill = 4.7 Kbp; Hin dill - Hin dill =8.0 Kbp; Hin dill - Hin dill = 
1.4 Kbp; Hin dill - Bam HI = 9.35 Kbp. These are the positions of Hin 
dill sites on the 23.45 Kbp Bam HI fragment. This leaves 11.0 Kbp of the 
molecule unaccounted for in which the two remaining Bam HI fragments are 
located. The last 9.35 Kbp Hin dill - Bam HI fragment leaves only 1.7 Kbp 
left over of the 11.05 Kbp Hin dill fragment. This then leaves only 9.3 
Kbp unaccounted for. As the 3.4 Kbp Bam HI fragment does not contain any 
Hin dill sites it must lie entirely within either the 5.4 Kbp or the 8.6 
Kbp Hin dill fragments. If the 7.6 Kbp Bam HI fragment directly followed 
the 23.45 Kbp Bam HI fragment (in a clockwise orientation) it would be cut 
into a 1.7 Kbp Bam HI - Hin dill fragment, a 5.4 Kbp Hin dill - Hin dill
Figure II-4.
0.7% Agarose gel with E. nana mtDNA digests 
(lanes 4-8)
Lane 1: pBr322 DNA size marker (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I and Alu I)
Lane 2: X DNA Hin dill size marker
Lane 3: X DNA Xho I size marker (for details on
DNA size markers see Table A-2 in Appendix A; Sizes 
in Kbp are shown on the left side of the gel).
Lane 4: Hin dill
Lane 5: Hin dill/ Bam HI
Lane 6: Bam HI
Lane 7: Bam HI/ Hpa II
Lane 8: Hpa II
1 2  3 4 5 6 7 8
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fragment and a 0.5 kbp Hin dill - Bam HI fragment. Although this last 
fragment cannot be seen on this gel, the other fragments are visible. The
3.4 Kbp Bam HI fragment cannot lie juxtaposed to the 23.45 Kbp Bam HI 
fragment because it would then be restricted by the Hin dill site which 
lies at a 1.7 Kbp distance from the Bam HI site. It would then cut the
3.4 Kbp Bam HI fragment into equally sized 1.7 Kbp Bam HI - Hin dill 
fragments. However the 3.4 Kbp Bam HI fragment remains intact in the Bam 
HI/ Hin dill double digest. Therefore the logical sequence of the Bam HI 
and Hin dill fragments should be (starting from the Hin dill - Bam HI = 
9.35 Kbp fragment): Bam HI - Hin dill =1.7 Kbp; Hin dill - Hin dill =5.4 
Kbp; Hin dill - Bam HI = 0.5 Kbp (inferred size); Bam HI - Bam HI = 3.4 
Kbp; Bam HI - Hin dill = 4.7 Kbp. The position of some of these Bam HI 
fragments is confirmed in the Bam HI/ Hpa II double digest shown in lane 
7. Both the 23.45 Kbp and 7.6 Kbp Bam HI fragments contain Hpa II sites. 
From the known positions of the Hpa II sites it can be predicted that the 
18.5 Kbp Hpa II fragment does not contain Bam HI sites whereas the 11.25 
Kbp and 4.7 Kbp Hpa II fragments do. As can be seen in lanes 6, 7 and 8 
of fig. II-4, the 7.3 Kbp Bam HI fragment (lane 6) and the 4.7 Kbp Hpa II 
fragment (lane 8) decrease only slightly in size in the double digestion. 
Inferring from the known positions of the Hpa II sites there should be 
0.35 Kbp and 0.1 Kbp Hpa II - Bam HI fragments. However the resolution of 
this gel does not permit the visualization of these small fragments. 
Nevertheless the Hpa II/ Bam HI double digest confirms the sequence of the 
Bam HI fragments as other arrangements are excluded.
The results and data derived from the four gels shown in figs. II- 
1 to II-4 lead to the following preliminary map of the E. nana mtDNA. A
total of 17 sites have been located, starting from the origin: Cla I- Sal
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I = 0.1 Kbp; Sal I - Sac I = 1.3 Kbp; Sac I - Pst I = 2.5 Kbp; Pst I - Hin 
dill =1.6 Kbp; Hin dill - Hin dill =1.4 Kbp; Hin dill - Cla I = 2.7 Kbp; 
Cla I - Pvu II = 1.85 Kbp; Pvu II - Hpa II = 0.2 Kbp; Hpa II - Bam HI = 
4.6 Kbp; Bam HI - Hpa II = 0.1 Kbp; Hpa II - Hin dill =1.6 Kbp; Hin dill 
- Hin dill =5.4 Kbp; Hin dill - Bam HI =0.5 Kbp; Bam HI - Bam HI = 3.4 
Kbp; Bam HI - Hpa II = 0.35 Kbp; Hpa II - Hin dill =4.35 Kbp; Hin dill - 
Cla 1 = 2 . 5  Kbp.
In an analogous way the remaining 37 sites on the E. nana mtDNA 
were located. The complete map of this mitochondrial genome is shown in 
fig. II-5.
E : Maps of the remaining mtDNAs
The maps of B. custersianus, B. naardenensis, B. anomalus (see
fig. II-5), D. intermedia, D. bruxellensis and B. custersii (see fig. 
II-6) were all constructed using the same approach as just described for 
E. nana. In each case the starting sets consisted of those restriction 
endonucleases that had unique recognition sites (see table II-l) combined 
with Cla I because one of the sites of this last enzyme was chosen as the 
origin of the maps. After establishing the relative position of the 
aforementioned sites, enzymes were mapped with increasing cutting 
frequencies (e.g. three, four or five sites respectively; for details see 
table II-l) .
The physical description of the six mitochondrial genomes together 
with E. nana mtDNA can be found in Appendix B tables B-2 to B-8. In
agreement with other yeast mtDNA maps the circular diagrams shown in
Figure II-5.
Restriction endonuclease site maps of B. custersianus, E. 
nana, B. naardenensis and B. anomalus. Divisions 
starting from the Cla I site indicate 1,000 bp.
\B. custersianusBamHI E. nana
Figure II-6.
Restriction endonuclease site maps of D. intermedia, D. 
bruxellensis and B. custersii. Divisions starting from
the Cla I site indicate 2,000 bp.
D. bruxellensis
—Hae III
D. in term ed ia
Hae lll/A su  l_  
Hpa I—_
Hind III —___
EcoRI ^
HPa 'U nd
$I
B. custersii
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figures II-5 and II-6 have the 5'-3' orientation of the LrRNA sequence 
drawn in a clockwise direction. The orientation of the LrRNA sequence was 
established using the C5 and E3 probes that are specific for the 5' and 3'
ends (see table C-l, Appendix C).
Table II-l.
Mapped restriction endonuclease sites on yeast mtDNAs from 
the Dekkera/Brettanomyces and Eeniella genera; summary:
* : B.cu= Brettanomyces custersianus; E.na= Eeniella nana; 
B.na= Brettanomyces naardenensis; B.an= Brettanomyces 
anomalus; D.in= Dekkera intermedia; D.br= Dekkera
k k
bruxellensis; B.ci= Brettanomyces custersii. - : means no
sites are mapped; however sites may be present on the genome
(see Table B-l).
Number of
mapped sites * * ★ ★ ★ ■k *on: B . cu : E . na : B . na : B . an : D . in : D .br : B . ci
Kbp: 28.5 34.5 41.7 57.7 73.2 85.0 101.1
Restriction
endonuclease:
Ava II 2 7 7 3 4 4 3
Asu I 2 7 7 4 6 6 4
Acc I 2 - - - - - -
Bam HI 2 3 4 3 1 1 1
Bel I 2 - - - - - -
Bgl II 5 3 - - - - -
Bee R - - - - 1 1 1
Cla I 3 2 2 1 2 2 2
Eco RI 3 3 4 5 5 5 5
Eco RV 6 5 4 8 - - -
Hha I - - - 2 1 1 2
Hpa I - 5 - 4 4 4 5
Hpa II 4 3 4 4 5 5 7
Hin ell - 6 - 4 5 5 5
Hin dill 5 5 5 3 7 7 8
Hae III 4 0 2 3 3 3 3
Nci I 2 1 - 1 - - -
Pst I 2 1 - - 1 1 1
Pvu II 2 1 3 3 2 2 1
Sal I 1 1 1 - - - -
Sac I 1 1 1 1 1 1 1
Sph I - 0 1 - - - -
Xho I - - 1 - - - -
Total amount of
mapped sites: 48 54 46 49 48 48 49
Species Size
of mtDNA
B. custersianus 28.49 Kbp
E. nana 34.5 Kbp
B. naardenensis 41.7 Kbp
B. anomalus 57.7 Kbp
D. intermedia 73.2 Kbp
D. bruxellensis 85.0 Kbp
B. custersii 101.1 Kbp
Number of Number of
sites mapped enzymes used
48 17
54 16
46 14
49 15
48 15
48 15
49 15
Table II-2.
Size of mtDNAs and number of mapped restriction endonuclease sites.
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F: Discussion
Construction of restriction endonuclease maps has shown that all 
seven mtDNAs are circular. In the case of B. anomalus this result 
confirms an earlier observation that circular mtDNA could be isolated from 
this yeast (Clark-Walker and McArthur, 1978) . Sizes of mtDNAs obtained 
from summation of restriction endonuclease fragment lengths are in good 
agreement with previously published values from six Dekkera/Brettanomyces 
species (McArthur and Clark-Walker, 1983). The 34.5 Kbp mtDNA from E . 
nana is intermediate in size between the molecules from B. custersianus 
(28.5 Kbp) and B. naardenensis (41.7 Kbp) . Mitochondrial DNA from E. 
nana together with the latter two genomes forms a group that has an 
identical sequence order (see Fig. III-10) although there are many 
restriction endonuclease site differences between these three molecules. 
Nevertheless the overall similarities in the three mtDNAs suggests that 
E. nana is affiliated with the two Brettanomyces species.
Although gene content is quite conserved in yeast mtDNA there is a 
marked variation in both genome size and restriction patterns even between 
closely related strains. A good example of this (strain dependent) 
variation is found in some S. cerevisiae strains. Sanders et al. (1977) 
reported a range of sizes in three strains of 68 - 78 Kbp. Particular 
regions of these genomes could expand or contract by addition or deletion 
of certain sequences of defined length. Most of these length mutations 
are known to be due to optional intervening sequences. Great similarity is 
seen between the mtDNAs from the two Dekkera species. Likewise most 
restriction endonuclease digestions of the two molecules produce fragments
of identical size that hybridize to the same heterologous probes (see
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chapter III, Fig. III-10 and tables C-6 and C-7 in Appendix C) The
restriction endonuclease maps differ only in the order of these sites.
These apparent small inversions, Pst 1/ Hpa I (map co-ordinates: 40.9 - 
41.3; see table B-6, Appendix B), Hpa II/ Eco RI (53.2 - 53.3; idem) and 
Eco RI/ Hin dill (71.9 - 71.95; idem) are probably due to problems 
encountered in determining fragment lengths because of the low resolution 
of some agarose gels used in mapping.
Comparing the seven mtDNAs it is obvious that there are 
restriction site clusters and site poor regions in each molecule. Most of 
these site clusters are associated with the presence of genes (see chapter 
III). The site poor regions in each molecule tend to be conserved between 
4 o' clock and half past five and 9 and 11 o' clock. In the three largest 
molecules an additional site poor region is located between 12 (noon) and
2 o' clock.
- 38-
Chapter III: Genomic Maps of mtDNA from the Dekkera/Brettanomyces and 
Eeniella Genera.
A: Introduction
Maps of mtDNAs from the seven Dekkera/Brettanomyces and Eeniella 
yeasts have been established by digestion with restriction endonucleases. 
Using this information the location of regions that hybridize to 17 
heterologous mtDNA probes will be described. Most of these probes have 
been derived from S. cerevisiae petites, however two have originated from 
A. nidulans mtDNA (see table C-l in Appendix C).
B: Material and Methods
All methods relating to the isolation, digests and electrophoresis 
of mtDNA and to the sizing of fragments by their mobility relative to
standard size markers are described in Appendix A. Transfer of DNA to
32nitrocellulose or nylon filters, P labelling of probes and hybridization 
methods are also described in Appendix A. A list of probes used for these 
experiments can be found in Appendix C (table C-l).
The strategy for mapping follows an iterative approach. Firstly a 
rough location of the sequence under investigation is obtained using 
restriction sites that divide the mtDNA into approximately equal segments. 
Subsequently enzymes are used that reveal a more precise location. This 
procedure was followed for each probe that showed hybridization under the 
described conditions (see 'Material and Methods' in Appendix A).
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C: Results
Due to the large number of experiments performed with 
hybridization of 17 probes to 7 mtDNAs only a few illustrative examples 
will be presented. The mitochondrial genome of B. naardenensis will 
serve as an example for the other six mtDNAs and only those gels showing 
the greatest resolution will be presented. Illustrations follow the gene 
order found on the B. naardenensis mtDNA (see table C-4 in Appendix C). 
For each hybridization experiment the figures in brackets behind the 
restriction endonucleases represent the map co-ordinates in Kbp for each 
site, a full compilation of fragment locations can be found in table B-4 
in Appendix B.
1) LrRNA
Using the E3 and C5 probes the 5' and 3' end of the LrRNA sequence 
could be localized. The autoradiogram shown in figure III-l shows that in 
lane a, a 3.9 Kbp Hin dill (37.8) - Cla I (0.0) fragment and in lane b, a 
3.41 Kbp Eco RI (37.5) - Eco RI (40.91) fragment hybridize to the E3 
probe. As there is no sign of hybridization beyond either of the Eco RI 
sites or the Hin dill sites, one must assume that the E3 probe is 
contained within Hin dill (37.8) - Eco RI (40.91) fragment. The 
hybridization of a C5 probe to B. naardenensis mtDNA fragments is shown 
in figure III-2. Two bands hybridize namely a 1.13 Kbp Asu I (40.78) - 
Sal I (0.21) and a 1.05 Kbp Asu I (39.73) - Asu I (40.78) fragment. The 
larger 1.13 Kbp fragment shows the strongest hybridization, however as the 
juxtaposed 1.05 Kbp Asu I fragment also shows some hybridization, it is
obvious that the 3' end of the LrRNA sequence must span the Asu I (40.78)
Figure III-l.
0.6% Agarose gel with B. naardenensis mtDNA restriction 
digests (lanes 3 and 4). The specific hybridization of probe 
E3 (5' end of LrRNA) to a nitrocellulose filter to which these 
restriction fragments were transferred is shown on the right.
Lane 1: pBr322 DNA size markers (Eco RI; Pvu 11/ Eco RI; Bam 
HI/ Pst I; Alu I).
Lane 2 : X Hin dill and X Xho I DNA size marker (for DNA 
size markers see table A-2 in Appendix A; Sizes in 
Kbp are listed on the left side of the gel).
Lane 3: Hin dill/ Cla I
Lane 4 : Eco RI
Lanes a and b correspond to lanes 3 and 4 respectively on the 
agarose gel transferred to a nitrocellulose filter
12  3 4 a b
3 3.5- 
1 5.0-
9.42-
6.56-
4.36-
3.24-
2 .30- 
2.0  2-
1.13-
0 .9 1 -
0.6  6-
Figure III-2.
0.6% Agarose gel with B. naardenensis mtDNA digest (lane 3). 
The specific hybridization of probe C5 (3' end of LrRNA) to a 
nitrocellulose filter to which these restriction fragments had 
been transferred is shown on the right.
Lane 1: X Hin dill marker.
Lane 2: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI;
Bam HI/ Pst I; Alu I (for DNA size markers
see table A-2 in Appendix A; Sizes in Kbp are listed
on the left side of the gel).
Lane 3: Asu 1/ Xho 1/ Sal 1/ Sac I
Lane a corresponds to lane 3 of the adjacent agarose gel
transferred to nitrcellulose.
23 .1-
9.42 -
6 .56 -
4. 36 -
3. 24 -
2.3 0 -
2. 02 -
1.1 3-  
0 . 91 -
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site. For localization of these fragments and all the fragments mentioned 
in the description of the figures below, please refer to figure II-5 and 
table B-4 in Appendix B.
2) Cytochrome oxidase subunit III
Using a DS31 probe (containing the S. cerevisiae cytochrome 
oxidase subunit III sequence) one band hybridized, a 2.85 Kbp Cla I (0.0)
- Cla I (2.85) fragment (see fig. III-3) . The position of the 
hybridizable region for this gene on the B. naardenensis mitochondrial 
genome as depicted in figure III-10 could be further defined by inference. 
Upstream from the cytochrome oxidase subunit III region lies the 3' end of 
the LrRNA (see fig. III-2) and downstream lies the hybridizable region for 
cytochrome oxidase subunit II (see fig. III-4).
3) Cytochrome oxidase subunit II
A 1.47 Kbp Pvu II (2.25) - Pvu II (3.72) fragment showed strong 
hybridization when B. naardenensis mtDNA fragments were transferred to 
nitrocellulose and hybridized to a DS302 probe (containing the S. 
cerevisiae cytochrome oxidase subunit II sequence) (see figure III-4). No 
juxtaposed fragments showed hybridization to this probe so the cytochrome 
oxidase subunit II sequence must be confined to this 1.47 Kbp fragment.
4) ATPase subunit 9
The 5' end of the S. cerevisiae ATPase subunit 9 sequence is 
confined to the DS400/A3 probe. Hybridizing this probe to B. 
naardenensis mtDNA fragments showed that a 1.72 Kbp Eco RV (6.81) - Asu I 
(8.53) fragment contains sequence that must be partly homologous to the
S. cerevisiae cognate gene (see figure III-5) .
Figure III-3.
0.6% Agarose gel with B. naardenensis mtDNA digest (lane 3) . 
The specific hybridization of probe DS31 (cytochrome oxidase 
subunit III) to a nitrocellulose filter to which these 
restriction fragments had been transferred is shown on the 
right.
Lane 1: X Hin dill marker.
Lane 2: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI;
Bam HI/ Pst I; Alu I (for DNA size markers
see table A-2 in Appendix A; Sizes in Kbp are listed
on the left side of the gel) .
Lane 3: Hin dill/ Xho 1/ Cla I
Lane a corresponds to lane 3 of the adjacent agarose gel
transferred to nitrcellulose.
1 2  3 a
Figure III-4.
0.6% Agarose gel with B. naardenensis mtDNA digest (lane 3). 
The specific hybridization of probe DS302 (cytochrome oxidase 
subunit II) to a nitrocellulose filter to which these 
restriction fragments had been transferred is shown on the 
right.
Lane 1: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI;
Bam HI/ Pst I; Alu I.
Lane 2: k Hin dill marker (for DNA size
markers see table A-2 in Appendix A; Sizes in Kbp 
are listed on the left side of the gel).
Lane 3: Bam HI/ Pvu II
Lane a corresponds to lane 3 of the adjacent agarose gel
transferred to nitrcellulose.
1 2  3 a
3 3 . 5 -
1 5 . 0 -
9.4 2 -
6 . 5 6 -
4 . 32 -
3 . 24 -
2 . 30 -
2 . 0 2 -
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0 . 6 6 -
Figure III-5.
0.6% Agarose gel with B. naardenensis mtDNA digest (lane 3). 
The specific hybridization of probe DS400/A3 (ATPase subunit 
9) to a nitrocellulose filter to which these restriction 
fragments had been transferred is shown on the right.
Lane 1: X Hin dill marker.
Lane 2: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI;
Bam HI/ Pst I; Alu I (for DNA size markers
see table A-2 in Appendix A; Sizes in Kbp are listed
on the left side of the gel).
Lane 3: Asu 1/ Eco RV
Lane a corresponds to lane 3 of the adjacent agarose gel
transferred to nitrcellulose.
1 2  3 a
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5) S rRNA
Using a P2 probe containing the S. cerevisiae SrRNA sequence two 
B. naardenensls mtDNA fragments showed hybridization (see figure III-6). 
A large 5.2 Kbp Hpa II (18.55) - Hpa II (23.75) and a small 1.4 Kbp Hae 
III (17.33) - Xho I (18.73) fragment. The larger Hpa II (18.55) - Hpa II
(23.75) fragment partially overlaps the smaller Hae III (17.33) - Xho I
(18.73) fragment implicating that the SrRNA sequence must cross the Xho I
(18.73) site.
6) Cytochrome b
The DS400/ N1 probe contains the 5' end of the S. cerevisiae 
cytochrome b gene. The nitrocellulose filter and the adjacent gel 
depicted in figure III-7 show that in lane a, a Xho I (18.73) - Hpa II
(23.75) fragment hybridizes to this probe. The Xho I restriction site 
(map co-ordinate: 18.73) lies only 0.18 Kbp inside the first Hpa II site 
(18.55) implying that the SrRNA and cytochrome b regions must be 
juxtaposed. Due to the paucity of restriction sites in this area the 
location of the cytochrome b sequence could not be defined more closely.
7) Cytochrome oxidase subunit I
Unfortunately the DS6/ A401 probe, containing the 5' end of the 
S. cerevisiae cytochrome oxidase subunit I gene, did not hybridize to B. 
naardenensis mtDNA under the described conditions. The DS6/ A422 probe 
containing only the 3' end however did hybridize to B. naardenensis mtDNA 
(see figure III-8), namely a 2.36 Kbp Hpa II (25.47) - Hae III (27.83)
fragment.
Figure III-6.
0.6% Agarose gel with B. naardenensis mtDNA restriction 
digest (lane 3). The specific hybridization of probe P2 
(SrRNA) to a nitrocellulose filter to which these restriction 
fragments were transferred is shown on the right.
Lane 1: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I; Alu I).
Lane 2: X Hin dill and X Xho I DNA size marker (for DNA
size markers see table A-2 in Appendix A; Sizes in 
Kbp are listed on the left side of the gel).
Lane 3: Hpa II/ Hae III/ Sal 1/ Xho I
Lane a corresponds to lane 3 on the agarose gel transferred to
a nitrocellulose filter.
1 2  3 a
3 3 .5 - 
15 .0 -
9 .4 2 -
6 .5 6 -
4 .3 6 -
3 .2 4 -
2 .3 0 -
2 .0 2 -
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Figure III-7.
0.6% Agarose gel with B. naardenensis mtDNA restriction 
digest (lane 3). The specific hybridization of probe DS400/N1 
(5' end of cytochrome b) to a nitrocellulose filter to which 
these restriction fragments were transferred is shown on the 
right.
Lane 1: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I; Alu I).
Lane 2: X Hin dill and X Xho I DNA size marker (for DNA
size markers see table A-2 in Appendix A; Sizes in 
Kbp are listed on the left side of the gel) .
Lane 3: Hpa II/ Hae III/ Sal 1/ Xho I
Lane a corresponds to lane 3 on the agarose gel transferred to
a nitrocellulose filter.
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Figure III-8.
0.6% Agarose gel with B. naardenensis mtDNA restriction 
digest (lane 3). The specific hybridization of probe A422 (3' 
end of cytochrome oxidase subunit 1) to a nitrocellulose 
filter to which these restriction fragments were transferred 
is shown on the right.
Lane 1: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I; Alu I).
Lane 2: X Hin dill and X, Xho I DNA size marker (for DNA
size markers see table A-2 in Appendix A; Sizes in 
Kbp are listed on the left side of the gel).
Lane 3: Hpa II/ Hae III/ Sal 1/ Xho I
Lane a corresponds to lane 3 on the agarose gel transferred to
a nitrocellulose filter.
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8) ATPase subunit 6
The DS14 probe containing the 5. cerevisiae ATPase subunit 6 gene 
hybridized to a 3.41 Kbp Eco RI (37.5) - Eco RI (40.91) fragment (see
figure III-9).
For each mitochondrial genome of the seven species a minimum of 17 
hybridizations were performed, using the probes described in table C-l 
(Appendix C). Figure III-10 is a summary of all these data. The maps 
were orientated with respect to the LrRNA sequence using the E3 and C5 
probes that are specific for the 5' and 3' ends (see also table C-l, 
Appendix C). The linear maps of fig. III-10 have been opened at the Cla I 
site and have the 5' - 3' direction of the LrRNA sequence reading from
left to right. In some instances the extent of hybridizable sequences 
does not concur with the described fragment sizes in tables C-2 to C-8. 
For instance the DS14 probe hybridized to a Eco RI (37.5) - Eco RI (40.91) 
fragment on the mtDNA of B. naardenensis. The same fragment also
hybridized to the E3 probe. As the coding sizes of the cognate genes in 
S. cerevisiae are known, the maximum extent of these sequences may be 
inferred for the mitochondrial genomes of the Dekkera/Brettanomyces and 
Eeniella yeasts. Furthermore through mutual exclusion by adjacent genes 
it is possible to confine some genes even further. Sometimes due to the 
paucity of the restriction sites in certain areas of the mitochondrial 
genome it was impossible to further define a sequence or to assign the 
correct order to two genic sequences. As an example of this problem, the 
DS14 probe hybridized to a 8.4 Kbp Hin dill (44.0) - Hin dill (52.4) 
fragment on the mtDNA of B. anomalus (data not shown). The coding region
for this gene in S. cerevisiae is 780 bp (Macino and Tzagoloff, 1980).
Figure III-9.
0.6% Agarose gel with B. naardenensis mtDNA restriction 
digest (lane 3). The specific hybridization of probe DS14 
(ATPase subunit 6) to a nitrocellulose filter to which these 
restriction fragments were transferred is shown on the right. 
Lane 1: pBr322 DNA size markers (Eco RI; Pvu II/ Eco RI; Bam
HI/ Pst I; Alu I).
Lane 2: X Hin dill and X Xho I DNA size marker (for DNA
size markers see table A-2 in Appendix A; Sizes in 
Kbp are listed on the left side of the gel).
Lane 3: Eco RI/ Hae III
Lane a corresponds to lane 3 on the agarose gel transferred to
a nitrocellulose filter.
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Figure III-10.
Location of hybridizable regions of the seven studied 
mitochondrial genomes. The circular maps shown in figs. II-4 
and II-5 are opened at the Cla I site; the direction of 
transcription is indicated with arrows. The divisions on the 
three smallest maps are 1,000 bp, whereas on the four larger 
maps they represent 2,000 bp. The maps show only relevant 
restriction sites. The following abbreviations are used: A, 
Hpa II; B, Bam HI; C, Cla I; E, Eco RI; G, Bgl II; H, Hin 
dill; 0, Hpa I; P, Pst I; R, Eco RV; S, Sac I; T, Hae III; U, 
Asu I; V, Pvu II.
B . cu: B. custersianus; E. na: E. nana; B. na: B. 
naardenensis; B. an: B. anomalus; D. in: D. intermedia; D.
br: D. bruxellensis; B. ci: B. custersii.
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The unresolved sequence order of the SrRNA and cytochrome b sequences on 
the B. anomalus genome illustrates the same problem.
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D: Discussion
The mtDNA probes used in this analysis fell into three categories 
as listed in table C-l (Appendix C). Those in the first category 
hybridized to all seven mtDNAs. Probes in the second category hybridized 
to some but not all mtDNAs and those in the third category did not show 
hybridization even when the incubation temperature was lowered to 52 °C 
and/or the washing condition were relaxed to 3 x SSC at room temperature, 
instead of 2 x SSC. In this last category are probes for the variant 1 
and ATPase subunit 8 polypeptides from S. cerevisiae mtDNA and the URF 4 
sequence from A. nidulans . Probes in the second category are the URF 1 
sequence from A. nidulans that hybridizes with both B. custersianus and 
B. anomalus, the Mil probe from the 3' end of cytochrome b that hybridizes 
to D. intermedia, D. bruxellensis and B. custersii mtDNAs, the A401 
probe from the 5' end of the cytochrome oxidase subunit 1 sequence that 
hybridizes to mtDNAs from E. nana and B. anomalus and the C3 probe from 
the 3' end of LrRNA sequence that did not hybridize with mtDNA from the 
two Dekkera species.
For each mtDNA the restriction endonuclease fragments hybridizing 
to the various probes are listed in tables C-2 to C-8 in Appendix C. 
These data have been used to construct the maps presented in fig. III-10. 
In this diagram regions divided by a diagonal line indicate that a 
restriction fragment hybridizes to two probes. In these cases the likely 
maximum extent of each sequence has been estimated from the known size of 
the coding region of the cognate gene from S. cerevisiae mtDNAs (Sor and 
Fukuhara, 1980, 1983; Bonitz et al., 1980; Coruzzi and Tzagoloff, 1979; 
Thalenfeld and Tzagoloff, 1980; Nobrega and Tzagoloff, 1980; Macino and
- 45-
Tzagoloff, 1980 and Hensgens et al., 1979). For B. custersii mtDNA the 
possible extension of the cytochrome b sequence is based on the size of 
the long gene from S. cerevisiae mtDNA containing five introns. Only in 
one instance, involving the SrRNA and cytochrome b hybridizable regions in 
B. anomalus mtDNA, has the order of two sequences remained unresolved. 
This is due to the paucity of restriction endonuclease sites in this 
region of the mtDNA (see fig. II-5 and III-10).
The seven mitochondrial genomes of Dekkera/Brettanomyces and 
Eeniella genera fell into 3 groups. The first consists of the 3 smallest 
mtDNAs, B. custersianus, E. nana and B. naardenensis. The 
mitochondrial genomes of D. intermedia, D. bruxellensis and B. 
custersii form a somewhat less consistent group and the mtDNA of B. 
anomalus has some unique features which sets it apart from the other two 
groups. The genic sequence order on the 3 smallest mtDNA molecules is 
identical. Taken together with some conserved restriction sites (see 
chapter IV), one comes to the conclusion that E. nana is affiliated with 
the two Brettanomyces species. The Dekkera species seem even more 
closely related. The major difference between the two molecules occurs in 
the region separating the ATPase subunit 6 and cytochrome oxidase subunit 
1 sequences where an extra 8.95 Kbp occurs in the D. bruxellensis mtDNA. 
In addition the aforementioned mtDNA also has a 2.4 Kbp greater separation 
between SrRNA and the ATPase subunit 9 sequences. As the sequence order 
of these molecules is identical, and furthermore the majority of the 
restriction sites are shared, one could observe that these two Dekkera 
species are not further apart than S. cerevisiae strains that show 
similar polymorphisms in their mtDNA structure (Sanders et al., 1977).
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Although the three smallest mtDNAs described above have an 
identical sequence order this differs from that found in the Dekkera 
species. In addition each of the two remaining mtDNAs from B. anomalus 
and B. custersii have unique genomes that differ in sequence order from 
the two types previously mentioned. However, the dissimilarity in the 
order of hybridizable regions between the Dekkera mtDNAs and that from 
B. custersii may be due to a single change. In mtDNAs from the Dekkera 
species the cytochrome b sequence has an opposite orientation to the LrRNA 
region whereas in B. custersii mtDNA these two sequences have the same 
orientation. Further circumstantial evidence that a large inversion is 
the explanation for the differing order comes from the position of the 
ATPase subunit 6 and 9 sequences. In the diagram of B. custersii mtDNA 
(Fig. III-10) these two sequences are located to the left of the SrRNA- 
cytochrome b cluster whereas in the Dekkera mtDNA they are located to the 
right and their order is reversed. However the remaining mapped 
hybridizable regions in the two mtDNAs, clustered around the LrRNA 
sequence, have the same order. This implies that there has been a large 
inversion in the mtDNA of the Dekkera species encompassing at least 34 
Kbp in the case of D. bruxellensis mtDNA. So apart from this inversion 
event one could consider the B. custersii mt genome as part of the 
Dekkera group.
Similarly the mtDNA of B. anomalus also appears to have a large 
inversion. In this mtDNA the cytochrome oxidase subunit I sequence is in 
opposite orientation to the LrRNA region as well as having a different 
position in the Dekkera mtDNA. The paucity of restriction sites has 
prevented the ordering of the SrRNA and cytochrome b sequences in B.
anomalus mtDNA but the order of the ATPase subunit sequences is the same
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as in the Dekkera mtDNA. This supports the idea that the former molecule 
has an even larger inversion than the latter. Prior to these results the 
only case amongst yeast mtDNAs of a functional genic sequence being 
located on an opposite DNA strand was a threonine tRNA in S. cerevisiae 
(Li and Tzagoloff, 1979) although an inversion has been described in K. 
africana mtDNA involving part of the LrRNA sequence (Clark-Walker and 
Sriprakash, 1981).
A further notable feature of the B. anomalus mtDNA is the 
presence of a segment that hybridizes to the URF1 probe from A. nidulans 
mtDNA (Brown et al., 1983). The only other mitochondrial genome showing 
such hybridization is from B. custersianus. Lack of hybridization to the 
other five mtDNAs need not necessarily mean that a URF1 related sequence 
is absent from these genomes. Analogous to this is the observation that 
hybridization with the A401, Mil and C3 probes (see Table C-l of Appendix 
C) show variable hybridization to different mtDNAs even though these 
sequences are likely to be present in their entirety for each mtDNA. 
Concurrently the apparent absence of the variant 1 and ATPase subunit 8 
sequences could mean that sequence divergence may have proceeded to the 
point where cross hybridization no longer occurs under the conditions 
described in 'Methods'( in Appendix A).
The position of the sequences for the ATPase subunits 6 and 9 on 
these seven mtDNAs are a further interesting phenomenon. On four 
Dekkera/Brettanomyces yeast mtDNA these sequences are either juxtaposed or 
adjacent. Whereas on the remaining 3 species these sequences are
separated by other genes. So there is a situation that is reminiscent of 
T. glabrata mtDNA (Clark-Walker and Sripakash, 1981) and also of the 
analogous sequences in the unc or atp operon of E. coli (Downie et al.,
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1981; Gay and Walker, 1981) . Or contrastingly the S. cerevisiae 
situation where these two subunits are separated by the cytochrome b gene 
(Hensgens et al., 1979).
Although in the preceeding sections attention has been drawn to 
dissimilarities between the four types of sequence arrangements amongst 
the seven mtDNAs, nevertheless common clusters do occur. For instance the 
LrRNA and cytochrome oxidase subunit III sequences are always juxtaposed 
as are the cytochrome b and SrRNA regions. The former gene cluster is 
always associated with Cla 1/ Sac I restriction sites, whereas the latter 
genes are linked to a Hpa II/ Bam HI site cluster (see also chapter IV). 
Indeed a striking architectural feature of the Dekkera/Brettanomyces 
mtDNAs is the clustering of the above mentioned sequences in the face of 
an increasing separation between these regions as the molecules become 
larger (see Fig. III-10).
Another factor that may contribute to mtDNA size diversity is the 
presence or absence of introns. By analogy with S. cerevisiae mtDNA it 
is possible that some of the cytochrome b and cytochrome oxidase subunit 1 
sequences contain intervening sequences. Hybridization data from E. nana 
mtDNA support the view that the cytochrome oxidase subunit 1 coding region 
is mosaic as the segment spanned by the A401 and A422 probes greatly 
exceeds the notional coding requirement of the protein (1533 bp; Bonitz et 
al., 1980). Unfortunately, mapping resolution is insufficient to allow 
for an unequivocal statement to be made about the extent of this sequence 
in the other mtDNAs. However, there remains a possibility that part of 
the size difference between the two Dekkera mtDNAs could be due to 
optional introns at the 5' end of the cytochrome oxidase subunit 1 
sequence as it is in this segment between the A422 hybridizing region and 
the ATPase subunit 6 sequence that shows the greatest variability.
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Likewise evidence for the occurrence of intervening sequences in 
the cytochrome b sequence is only available for B. custersii mtDNA where 
the Nl and Mil probes span a region of around 9 Kbp. In addition, no 
information is available that any of the seven LrRNA coding regions 
contain an intervening sequence. It has been reported that mtDNAs from 
B . anomalus, B. custersii, B. custersianus and D. bruxellensis did not 
show hybridization to an intron rl probe from S. cerevisiae (Jacquier and 
Dujon, 1983) .
Considering the aforementioned data it seems unlikely that the 
presence or absence of introns is a major contributing factor to mtDNA 
size diversity. Considerable rearrangements were found between cognate 
sequences in the seven studied mitochondrial genomes and to those from S. 
cerevisiae and other yeasts. This indicates that gene order is not a
conserved feature of yeast mitochondrial genomes and implies that it is 
not an essential prerequisite for a functional mitochondrion. Also from 
what is known about the structure of mtDNAs from other yeasts it is 
unreasonable to suppose that the larger mtDNAs encode a proportionately 
greater number of sequences than the smaller molecules (Clark-Walker, 
1985). It therefore appears that variability results chiefly from changes 
in the amount of sequence between the coding regions. Based on the lower 
buoyant densities of the larger mtDNAs (McArthur and Clark-Walker, 1983) 
and the clustering of restriction endonuclease sites in hybridizable 
regions, it is likely that the spacer regions are mostly A+T sequences. 
At present it remains unknown whether such segments are an ancestral 
characteristic of mtDNA or if they have been acquired.
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Chapter IV: Construction of phylogenetic trees of mtDNAs from the
Dekkera/Brettanomyces and Eeniella genera.
A: Introduction
Analysis of mitochondrial DNA has proved to be a powerful tool in 
establishing phylogenetic relationships between species and within 
species. Such evolutionary trees can be constructed by comparing 
restriction endonuclease sites (Lansman et al., 1981; Adams and Rothman, 
1982; Solignac et al., 1986) or by direct sequence comparison (Brown and 
Simpson, 1982; Brown et al., 1982). In this chapter the data from 
chapters II and III are used to generate dendrograms of the seven mtDNAs. 
Because of the size divergence encountered in the Dekkera/Brettanomyces 
and Eeniella genera it is impossible to compare absolute sizes of 
restriction fragments. Rather, relative locations are compared using the 
restriction site maps as a whole (see figs. II-5 and II-6 and see also 
'Method' below).
B: Method and Results
1) Method
In order to establish a phylogeny based on the comparison of 
restriction endonuclease morphs, it is necessary to observe the relative 
position of restriction sites. Previous methods have used the 
distribution of restriction sites and related sequences (Adams and 
Rothman, 1982) or looked at the number of shared and non-shared sites 
(Lansman et al., 1981; Solignac et al., 1986). However the latter two 
studies used mtDNAs, which were relatively constant in size namely between
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16 and 18 Kbp (either from rodents, mammals or Drosophila) . This enabled 
a direct restriction site comparison because conserved sites meant 
conserved restriction fragment sizes. To adapt this latter method for the 
mtDNAs of the Dekkera/Brettanomyces and Eeniella genera, where mtDNA 
ranges in size from 28 Kbp to 101, Kbp it is necessary to convert fragment 
sizes to percentages so that a conserved site was also visible as a 
conserved 'fragment size'. Due to the low resolution of agarose gels and 
the knowledge that some sites are inferred from other reference sites (see 
chapter II) it was necessary to define sites as being equal when their 
positions fell within 1%.
To calculate the degree of nucleotide divergence (or 5) for each 
pair of mtDNAs the number of sites mapped was compared with the number of 
sites shared. The percentage of nucleotide divergence was calculated 
using the formulae 8 and 10 of Nei and Li (1979) and formulae 19 and 20 of 
Nei and Tajima (1981) (see Appendix D). The first set of formulae (8 and 
10) were used to calculate the nucleotide sequence divergence (or 5) for 
each type of restriction endonuclease, whereas the second set (19 and 20) 
was used to calculate the variance and weighted average of the two 8s (= 
nucleotide sequence divergence) (see Appendix D for formulae and meaning 
of symbols).
To complement the former method and to corroborate the phylogeny 
of mtDNAs of the studied genera another method was used. The Wagner 
parsimony method implemented on Felsenstein's PHYLIP (Phylogeny Inference 
Package) programme allows the search for a dendrogram which requires the 
minimum number of mutational events. Contrary to the former method this 
approach does not assume a constant rate of evolution. It looks for the
presence or absence of cleavage sites and labels those which are constant,
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variable, autapomorphic (= non-shared derived character) and 
phylogenetically informative ( = present or absent more than once in one 
restriction morph).
2) Restriction morphs
The alignment of sites from 10 restriction morphs is shown in 
figs. IV-1 to IV-5. Only those restriction enzymes were chosen for which 
all sites had been mapped on 7 mtDNAs (see table II-l and B-l in Appendix 
B). The circular maps shown in figs. II-5 and II-6 were opened at the Cla 
I site which was arbitrarily chosen as the origin (see chapter II). The 
restriction morphs were constructed using the ' rolling origin model' which 
was developed in collaboration with D.K. Smith of the Research School of 
Biological Sciences at the Australian National University. In this model 
all molecules are divided into 4 or 5 roughly equal segments (see table 
IV-1 and fig. IV-8). Each segment apart from the first segment which 
starts at the origin (Cla I), commences at or as near as possible to the 
beginning of a gene cluster particular to that molecule. For instance the 
B. custersianus mtDNA is divided into 5 segments; the first segment starts 
with the Cla I origin and ends at the Hin dill (map co-ordinate: 5.75) 
site. The second segment runs from this Hin dill (5.75) site which is 
associated with the ATPase subunit 9 gene until the Bam HI (14.32) site in 
the SrRNA gene. The third segment runs from the Bam HI (14.32) site until 
the Hin dill site in the cytochrome oxidase subunit I region, whereas the 
fourth segment starts at this last site and ends at the Hin dill (26.09) 
site in the ATPase subunit 6 gene. The final fifth segment runs from the 
aforementioned Hin dill (26.09) site until the Cla I origin (see table IV-
1 and fig. IV-8). The origins of each segment for each of the molecules
Figure IV-1.
Site alignment for Bam HI and Cla I for seven 
Dekkera/Brettanomyces and Eeniella mtDNAs. Numbering is 
according to the 42 phylogenetically informative sites (see 
text). Abbreviations, o. is the origin of that particular 
segment (for explanation see ' restriction morphs' of this 
chapter and fig. IV-8); B.cu: B. custersianus; E.na: E. 
nana; B.na: B. naardenensis; B.an: B. anomalus; D.in: D. 
intermedia; D.br: D. bruxellensis; B.ci: B. custersii.
Bam HI
B.cu
E.na
B.na
B.an
D.in
D.br
B.d
0.
4
0.
0.
1
0.
0.
Cla I
B.cu
E.na
B.na
B.an
D.in
D.br
B.d
Figure IV-2.
Site alignment for Eco RI and Hpa II for seven 
Dekkera/Brettanomyces and Eeniella mtDNAs. Numbering is 
according to the 42 phylogenetically informative sites (see 
text). Abbreviations, o. is the origin of that particular 
segment (for explanation see 'restriction morphs' of this 
chapter and fig. IV-8); B.cu: B. custersianus; E.na: E. 
nana; B.na: B. naardenensis; B.an: B. anomalus; D .in: D. 
intermedia; D.br: D. bruxellensis; B.ci: B. custersii.
Eco RI
B.cu
E.na
B.na
B.an
D.in
D.br
B.ci
B.cu
E.na
B.na
B.an
D.in
D.br
B.ci
Hpa II
16 19
17 21
CO
T
l-
2 0
15
0.
0 .
0 .
Figure IV-3.
Site alignment for Hin dill and Hae III for seven 
Dekkera/Brettanomyces and Eeniella mtDNAs. Numbering is 
according to the 42 phylogenetically informative sites (see 
text). Abbreviations, o. is the origin of that particular 
segment (for explanation see 'restriction morphs' of this 
chapter and fig. IV-8); B.cu: B . custersianus; E.na: E. 
nana; B.na: B. naardenensis; B.an: B. anomalus; D.in: D. 
intermedia; D.br: D. bruxellensis; B.ci: B. custersii.
Hin dill
B.cu
E.na
B.na
B.an
D.in
D.br
B.d
27 29
25 26
B.CU
E.na
B.na
B.an
D.in
D.br
Hae III
_____________ 36
34___________ 35
0.
0 .
B.d
Figure IV-4.
Site alignment for Pst I and Pvu II for seven 
Dekkera/Brettanomyces and Eeniella mtDNAs. Numbering is 
according to the 42 phylogenetically informative sites (see 
text). Abbreviations, o. is the origin of that particular 
segment (for explanation see 'restriction morphs' of this 
chapter and fig. IV-8); B.cu: B. custersianus; E.na: E. 
nana; B.na: B. naardenensis; B.an: B. anomalus; D .in: D. 
intermedia; D.br: D. bruxellensis; B.ci: B. custersii.
Pst I
\
B.cu
E.na
B.na
B.an
D.in
D.br
B.d
Pvu II
B.cu
E.na
B.na
B.an
D.in
D.br
B.d
Figure IV-5.
Site alignment for Sac I and Sal I for seven 
Dekkera/Brettanomyces and Eeniella mtDNAs. Numbering is 
according to the 42 phylogenetically informative sites (see 
text) . Abbreviations, B.cu: B. custersianus; E.na: E. 
nana; B.na: B. naardenensis; B.an: B. anomalus; D.in: D.
intermedia; D.br: D. bruxellensis; B.ci: B. custersii.
Sac I
B.cu
E.na
B.na
B.an
D.in
D.br
B.ci
Sal I
B.cu
E.na
B.na
B.an
D.in
D.br
B.ci
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is indicated in the restriction morphs at the appropriate site with an o'' 
(see figs. IV-1 to IV-4, IV-8 and table IV-1). The distance from the 
first origin (Cla I) to the second origin (of the second segment) in each 
molecule is calculated as follows: the whole molecule is considered to be 
100%, if the second segment starts at a site 'a' at a distance of 5 Kbp 
from the Cla I origin in a molecule of 25 Kbp then the second origin lies 
a 20% distance from the Cla I origin. For the three smallest mtDNA 
molecules of B. custerslanus, E. nana and B. naardenensis, the origins 
of all 5 segments were aligned because of the identical genic sequences 
and the conservation of gene-associated sites in these 3 molecules (see 
fig. III-10 and table IV-1). Subsequently the distances of the remaining 
sites in each segment are calculated as follows. Each segment is 
considered to be 100% and the location of sites of the 10 completely 
mapped restriction enzymes are calculated in each segment. For instance 
there are 3 Eco RI sites on the B. custersianus mtDNA. The first site 
lies in the second segment at a 4.32 Kbp distance from the Hin dill (5.75) 
segment - origin. This translates into 50.4% of the second segment. The 
remaining two sites lie in the fifth segment at 0.25 Kbp and 1.65 Kbp 
distance from the Hin dill (26.09) segment - origin. This translates into 
10.4% and 68.8% of the fifth segment. The sizes of the fragments of each 
restriction morph for all the mtDNAs can be deduced from the tables B-2 to 
B-8 in Appendix B.
3) Results
There are 113 different sites mapped in the 10 restriction morphs 
of which one is constant namely the Cla I origin. This leaves 112
variable sites of which 70 are autapomorphic (= non-shared derived
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character) and 42 phylogenetically informative (= present or absent more 
than once). These last sites are marked from 1 to 42 in the 
restriction morphs.
The upper right half of the matrix shown in table IV-2 gives the 
amount of shared sites between any two species for all the restriction 
morphs combined. The figure is split in the number of shared sites of 
restriction enzymes that recognize 6 bases and 4 bases respectively. The 
lower left half gives the percentage nucleotide difference (see 'Method' 
in this chapter for explanation).
4) Dendrograms
The dendrogram shown in fig. IV-6 was derived by the UPGMA method 
(= Unweighted Pair Group Method Averaging) from the data presented in the 
matrix of table IV-2 (Sneath and Sokal, 1973).
The second dendrogram in fig. IV-7 was derived using the Wagner 
parsimony method as implemented on Felsenstein's PHYLIP programme. The 
chosen 'network' is that which requires the least number of steps. For 
the 42 phylogenetically informative sites the minimum number that is 
required is 57 steps. The figure after each species name refers to the
number of autapomorphic sites present only once in that mtDNA.
Figure IV-6.
Phylogenetic relationship among the seven types of mtDNA 
found in the Dekkera/Brettanomyces and Eeniella genera. 
Delta (8) is the percentage nucleotide divergence (see 
method this chapter and Appendix D).
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Figure IV-7.
Phylogenetic relationships among the seven types of mtDNA 
found in the Dekkera/Brettanomyces and Eeniella genera. The 
most parsimonious network was selected. The figures besides 
the species names denote the number of autapomorphic sites 
present (+) only once. While the figures between the nodes 
of the network denote the minimum number of mutational steps 
required between the individual species (see Discussion of
this chapter). Abbreviations same as as used in Table IV-1.
E.na (+7)
B.na(+11)
B.cu (+11)
B.ci (+18)
B.an (+18)
D.in (+3)D.br (+4)
Figure IV-8.
Division of segments for each mtDNA of the 
Dekkera/Brettanomyces and Eeniella genera (explanation see
'restriction morphs' of this chapter and Table IV-1).
Abbreviations , BI:: Bam HI; Cl: Cla I; Hill: Hin dill; He:
Hae III; Hp: Hpa II and PII: Pvu II; other abbreviations
same as in figs. IV-1 to IV-5.
B.cu
E.na
B.na
B.an
D.in
D.br
B.ci
a H ill Bl H ill H ill
a H ill Bl H ill H ill
a H ill Bl H ill H ill
a H ill Bl ph H ill
Cl He H ill Up H ill
a He H ill H ill
a H ill Bl Hp

B . cu E . na B . na B . an D . in D .br B . ci
B. custersianus 19+8 10+1 9 + 1 1+1 3+0 3+0 2 + 1
E. nana 10.39 17+3 10 + 0 1 + 0 1 + 0 1+0 2+0
B. naardenensis 13.74 10.25 20 + 6 1 + 0 2 + 0 2+1 3+1
B. anomalus 48.62 46.72 48.17 16+7 3 + 0 3 + 0 4+0
D. intermedia 30.76 48.17 37.95 29.39 19+8 18+5 5+1
D. bruxellensis 30.76 48.17 40.03 29.39 1.06 19+8 5+2
B. custersii 40.72 36.62 33.74 24.60 24.24 24.40 19+10
Table IV-2 .
Nucleotide distance matrix for the seven restriction morphs mapped 
in the Dekkera/Brettanomyces and Eenlella genera. Diagonal gives 
number of sites mapped in each restriction morph (for restriction
endonucleases recognizing 6 and 4 nucleotides; bold). The upper
right half of the matrix gives the number of sites shared by any
pair of restriction morphs for the two classes of enzymes. The
percentage nucleotide distances [calculated according to Nei and Li
(1979) and Nei and Tajima (1981)] are given in the lower left half.
* : Abbreviations same as used in Table IV-1.
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C: Discussion
The relatedness of the seven studied yeasts can be read from 
several aspects of its mtDNAs. Considering the physical maps of the 
mitochondrial genomes it is quite clear that there are restriction site 
clusters and site poor regions located in certain segments of the circular 
molecules. All seven molecules have conserved site poor regions between 4 
o' clock and half past five and also between 9 and 11 o' clock. In the 
three largest molecules an additional site poor region can be found 
between twelve and 2 o' clock (see figs. II-5 and II-6). The restriction 
site clusters between 11 o' clock and twelve o' clock in all seven 
molecules are always associated with the LrRNA and cytochrome oxidase 
subunit III sequences. The conservation of certain restriction sites and 
their association with genic sequences can imply a relatedness between 
mtDNAs and indirectly between organisms. The aforementioned assumptions 
lie at the basis of establishing phylogenies based on restriction site 
comparisons. Previous studies have shown that phylogenies based on 
restriction site comparison need not be less trustworthy than those that 
are based on direct sequence comparison or data from thermal dissociation 
of heteroduplex mtDNA (Brown et al., 1979; 1982; Aquadro and Greenberg, 
1983). A good example of the former technique is the 7.2% nucleotide 
divergence found between two Drosophila species based on direct sequence 
comparison (Clary and Wolstenholme, 1985). Solignac and co-workers (1986) 
calculated a 7.1% nucleotide divergence for the same species based on 
restriction site comparisons. Therefore using this technique as a basis
for establishing phylogenies seems justified.
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The ten restriction morphs shown in figs. IV-1 to IV-5 were chosen 
because these restriction enzymes were mapped completely on all seven 
mtDNAs (see table B-l in Appendix B) and are in general associated with 
the 9 genic sequences. The fourfold size range of the mtDNA from 
Dekkera/Brettanomyces and Eeniella genera prevented the direct fragment 
size comparison as seen in previous reports (Lansman et al., 1981; 
Solignac et al., 1986) . Therefore it was decided that the fragment sizes 
should be converted into percentages. As resolution of agarose gels is 
not very good and the fact that several sites (and thus indirectly 
fragment sizes) had been calculated by inference, fragment sizes that fell 
within 1% of each other were considered equal. There is a difference 
between the values obtained from 4- and 6-base recognizing restriction 
enzymes therefore these were calculated separately and subsequently 
weighted with the reciprocal of their sampling variances [see formulae 19 
and 20 of Nei and Tajima (1981)]. In the case that there were no shared 4 
base recognition restriction enzymes only the value for the '6 base' 
enzyme was used. Nei and Li (1979) assume that the probability of 
substitution is equal for all nucleotide sites. Formula 8 depends on this 
assumption and corrects mainly for substitutions at different nucleotide 
sites of restriction recognition sequences. However if base substitution 
is non random, as is the case for Drosophila (Clary and Wolstenholme, 
1985), these values have to be considered as under estimates. This method 
also assumes that there is a constant rate of evolution for each lineage.
The dendrograms depicted in figs. IV-6 and IV-7 have been derived 
using different approaches. The former used the UPGMA method whereas the 
latter used the Wagner parsimony method which looks for the most
parsimonious network. Both should be considered as unrooted trees. By
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contrast to the former dendrogram which may only be considered a 
phylogenetic tree when a constant rate of evolution is assumed for all 
lineages, the latter dendrogram can be considered directly as such. The 
topology of both trees is the same. The first dendrogram (fig. IV-6) 
consists of two supergroups namely B. custersianus/ E. nana/ B. 
naardenensis and B. anomalus/ D. intermedia/ D. bruxellensis/ B.
custersii whereby the first supergroup is divided into a subgroup 
consisting of B. naardenensis/ E. nana and B. custersianus mtDNA. The 
second supergroup consists of one subgroup D. intermedia/ D.
bruxellensis and the B. custersii and B. anomalus mtDNAs. The second 
dendrogram (fig. IV-7) has the same topology as the first. The figures 
adjacent to the branches of the network denote the minimum number of
mutational steps necessary to convert one molecule into another according
to the Felsenstein programme. For instance there are only 6 mutational 
steps between the molecules of B. naardenensis and E. nana and only two 
to get from D. intermedia to D. bruxellensis. Considering these numbers 
and comparing them to the percentage nucleotide divergence (or 8 
calculated according to the methods of Nei and Li (1979) and Nei and 
Tajima (1981), there are no structural differences between the two trees. 
Unfortunately because of the absence of external data both these trees do 
not have a root nor can it be deduced. This limits the insight into the 
evolutionary pathways in these genera.
In the light of the available data it is not surprising that the 
mtDNAs of D. intermedia and D. bruxellensis should be grouped. They 
share an identical sequence of restriction sites (except for 3 changes; 
see discussion of chapter II) and the order of their genic sequences
concur (see figs. II-6 and III-10). This situation is reminiscent of that
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encountered in some S. cerevisiae strains (Sanders et al., 1977). The 
grouping of B. naardenensis, B. custersianus and E. nana is vindicated 
by conservation of the order of genic sequences and certain restriction
sites (Bam HI, Cla I, Eco RI, Hpa II, Hin dill, Sac I and Sal 1). The
mtDNA from B. custersii is a member of the D. intermedia and D.
bruxellensis supergroup. The topology of this group can be explained by 
the fact that a single inversion in the mtDNA of either D. intermedia or 
D. bruxellensis will result in the correct genic sequence of the B.
custersii mtDNA. Furthermore several Cla 1, Eco RI, Hpa II, Hin dill and 
Sac I sites are conserved within this group. The mtDNA of B. anomalus 
has some unique features when compared to the other 6 yeasts of the 
Dekkera/Brettanomyces and Eeniella genera (see discussion of Chapter III). 
This expresses itself in the percentage nucleotide divergence between this 
molecule and any of the remaining 6, it ranges from 24.60% to 48.62%. 
Because the nucleotide divergence between B. anomalus and D. intermedia/ 
D. bruxellensis/ B. custersii is lower (between 24.60% to 29.39%) than 
that of B. anomalus and B. custersianus/ E. nana/ B. naardenensis 
(between 46.72% and 48.62%) it is part of the former supergroup. The
aforementioned data accentuate the unique position of B. anomalus in the 
Dekkera/Brettanomyces and Eeniella genera.
The percentage nucleotide distances range from 1.06 between D. 
intermedia and D. bruxellensis to 48.62 between B. custersianus and B. 
anomalus. It must be kept in mind that the figures calculated with this 
method are under estimates of the real sequence divergence (Solignac et 
al., 1986) .
To ascertain or verify the topology of these trees, phylogenies
based on direct sequence comparison of mitochondrial genes (e.g.
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cytochrome oxidase subunit II) and/or nuclear encoded sequences (such as 
cytochrome c) should be established.
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Chapter V: General Discussion
Mitochondrial DNAs from the Dekkera/Brettanomyces and Eeniella 
genera are remarkable on several counts. Most salient is their size range 
from 28 Kbp in B. custersianus to 101 Kbp in B. custersii. This 
encompasses almost the known size range of yeast mtDNAs from 17.3 Kbp in 
one strain of Sch. pombe (Anziano et al., 1983) to the aforementioned 101 
Kbp and is the largest size variance encountered in a yeast genus. This 
contrasts strongly with the stability in sizes of mtDNAs from metazoans at 
around 16 Kbp (Wallace, 1982). However plant mtDNA, ranging from 15 Kbp 
in Chlamydomonas to 2560 Kbp in a member of the muskmelon family, shows an 
even greater size variation (Sederoff, 1984) .
The majority of yeast mitochondrial genomes are circular although 
exceptions have been reported for H. mrakii and C. rhagii which have 
linear molecules of 55 Kbp and 30 Kbp respectively (Wesolowski and 
Fukuhara, 1981; Kovac et al., 1984). The circularity of the mtDNAs from 
Dekkera/Brettanomyces and Eeniella genera was confirmed through 
restriction site mapping. In addition these studies showed that all seven 
mtDNAs contain site clusters and site poor regions. Subsequently site 
clusters have been shown to be associated with genic sequences (see 
below).
Mapping of genic sequences has shown that mtDNAs from the two 
Dekkera species have identical gene order as have the three smallest 
mtDNAs, although arrangement of genes between these two groups is not 
conserved. In the case of the D. intermedia and D. bruxellensis mtDNAs
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the sizes differ by 11.8 Kbp. These differences can be attributed to 
insertion or deletion of mtDNA segments in two regions as shown in table 
V—1. The data from this table lead to the conclusion that the main 
expansion or contraction is located between half past seven and eleven 
o'clock in D. bruxellensis mtDNA and subsequently genic mapping revealed 
that there is a 8.95 Kbp insertion or deletion in the area between the 
ATPase subunit 6 and cytochrome oxidase subunit I genes and a second 
smaller 2.4 Kbp change between the SrRNA/ cytochrome b gene cluster and 
the ATPase subunit 9 (see fig. III-10). By analogy with the location of 
optional introns in S. cerevisiae mtDNA (Sanders et al., 1977) it is 
possible that the larger insertion/deletion could be due to optional 
introns in the cytochrome oxidase subunit I gene. However this conjecture 
could not be verified because the probe containing the 5' end of the 
cytochrome oxidase subunit I (A401) did not hybridize to mtDNA of the 
Dekkera species. A further striking feature of these mitochondrial 
genomes is the occurrence of a functional gene (cytochrome b) on the 
opposite strand, a characteristic shared with B. anomalus mtDNA where the 
cytochrome oxidase subunit I gene also occupies the opposite strand. 
Prior to these observations only a tRNA gene (for threonine) on S. 
cerevisiae mtDNA (Li and Tzagoloff, 1979) and a portion of the LrRNA 
sequence on the mtDNA of K. africana (Clark-Walker and Sriprakash, 1981) 
have been reported in opposite orientation.
As mentioned above mapping of genic sequences showed that gene 
order is conserved in the three smallest mtDNAs from B. custersianus, E. 
nana and B. naardenensis. This result, taken together with the
conservation of certain restriction sites, points to a close relationship
Table V-l.
Comparison of restriction fragment sizes from mtDNA of D. intermedia and 
D. bruxellensis.
D . in D.br D . in D.br
Hin dill: Hin dill: Hpa II: Hpa II
a) 31.55 a) 31.55 a) 40.8 — ---> a) 50.2
b) 11.2 — -- > b) 21.6 b) 14.4 — ---> b) 16.8
c) 9.1 -- > c) 10.5 c) 10.5 c) 10.5
d) 10.0 d) 10.0 d) 4.2 d) 4.2
e) 7.2 e) 7.2 e) 3.3 e) 3.3
f) 3.7 e) 3.7
g ) 0.45 f) 0.45 73.2 85.0
73.2 85.0
D . in D.br D.in D .br
Hin ell Hin ell Asu I Asu I
a) 46.65 ---- > a) 47.75 a) 11.5 --- -> a) 21.9
b) 11.0 ---- > b) 21.7 b) 16.5 b) 16.5
c) 8.0 c) 8.0 c) 15.1 --- — > c) 16.5
d) 4.7 d) 4.7 d) 13.8 d) 13.8
e) 2.85 e) 2.85 e) 11.0 e) 11.0
f) 5.3 f) 5.3
73.2 85.0
73.2 85.0
The bold figures denote the conserved fragments whereas those fragments
that have undergone changes are indicated by arrows.
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between the three smallest genomes (see below). A further observation 
from the mapping studies is that the relative positions of the LrRNA gene 
and the cytochrome oxidase subunit III gene are conserved in all seven 
mtDNAs and are always associated with Eco RI - Cla I - Sac I restriction 
sites. Similarly the SrRNA/ cytochrome b gene cluster and its associated 
Hpa II/ Bam HI restriction sites are conserved in all seven species.
As discussed above for the Dekkera mtDNAs it is possible that 
some of the size differences in the seven mtDNAs could be due to 
intervening sequences. By analogy to S. cerevisiae mtDNA, genes likely 
to harbour introns are those for LrRNA, cytochrome oxidase subunit I and 
cytochrome b. However other locations of introns are possible, as they 
have been found in the ATPase subunit 6 gene and URFs 1 and 5 of N. 
crassa mtDNA (see Nelson and Macino, 1985 for review). Also an intron in 
the cytochrome oxidase subunit II gene of maize and wheat mtDNAs have been 
reported (Fox and Leaver, 1981; Bonen et al., 1984). Notwithstanding 
these possibilities, hybridization results suggest the presence of introns 
in the cytochrome oxidase subunit I genes of B. anomalus and E. nana. 
The segment spanned by the A401 and A422 probes in both aforementioned 
mtDNAs greatly exceeds the nominal coding region of the protein. 
Furthermore on the E. nana mtDNA there is a region between the 
hybridizable sequences to the A401 and A422 probes, that does not 
hybridize to either of these probes. Due to a probable decrease in 
homology between S. cerevisiae mtDNA, from which most probes were 
derived, and the Dekkera/Brettanomyces mtDNAs, it was not possible to 
make unequivocal statements about the extent of this gene in other mtDNAs 
and thus indirectly about the likely presence or absence of introns.
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The size of the hybridizable region spanned by the cytochrome b 
probes in B. custersii, around 9 Kbp, implies the possible presence of 
introns in this gene. In addition others have shown that the LrRNA gene 
in mtDNAs of B. custersianus, B. anomalus, D. bruxellensis and B. 
custersii did not hybridize to an intron rl probe from the LrRNA gene of 
S. cerevisiae mtDNA (Jacquier and Dujon, 1983). Furthermore although an 
intron has been reported for the N. crassa ATPase subunit 6 gene (op. 
cit.), the 8.4 Kbp hybridizable region for this gene in B. anomalus mtDNA 
may be explained by the paucity of restriction sites in this area and need 
not have been caused by an intervening sequence.
Another factor which may contribute to size variation of mtDNAs 
from the Dekkera/Brettanomyces and Eeniella genera is the presence or 
absence of certain genes. Both B. custersianus and B. anomalus mtDNA 
show hybridization to an A. nidulans URFl probe. URFs have been 
reported for mtDNAs of various filamentous ascomycetes and also for Sch. 
pombe. The latter however does not seem to be related to other URFs that 
code for components of the NADH - dehydrogenase complex (Chomyn et al., 
1985). In this context it is notable that a yeast mtDNA (from T. 
glabrata) does not contain any URF sequences. However the lack of 
hybridizable regions to N. crassa URFs 1 and 4 on the other 5 yeast 
mtDNAs need not necessarily mean that these sequences are absent (see 
chapter III). The level of homology may be too low to allow hybridization. 
Likewise the absence of hybridization to varl and ATPase subunit 8 probes 
may be explained by insufficient homology rather than an absence of these
sequences.
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The genic content of mtDNAs from Dekkera/Brettanomyces and 
Eeniella yeasts does not deviate greatly from the 'rule' that all fungal 
mtDNAs contain at least 6 polypeptide coding regions together with large 
and small RNA and a set of tRNAs (the presence of tRNAs has not been shown 
for the studied yeasts). Gene order, however differs greatly from other 
mapped mtDNAs. For instance the gene order on the Dekkera/Brettanomyces 
and Eeniella yeast mtDNAs shows hardly any conservation when compared to 
mtDNAs from S. cerevisiae, T. glabrata, K. africana, S. exiguus and Sch. 
pombe (Clark-Walker and Sriprakash, 1981; Clark-Walker et al., 1983; Lang 
et al., 1983; Grivell, 1983; Sederoff, 1984). On the Sch. pombe and S. 
exiguus mtDNAs there is a juxtaposition of the cytochrome oxidase subunit 
II gene with the LrRNA sequence, like that found in the four largest 
mitochondrial genomes of the Dekkera/Brettanomyces species. The 
juxtaposition of cytochrome b and SrRNA as found in all 
Dekkera/Brettanomyces and Eeniella yeasts also occurs on the K. africana 
mtDNA. Furthermore the clustering of ATPase subunits 6 and 9 on B. 
anomalus and B. custersii is also found on the T. glabrata and S. exiguus 
mtDNAs. Finally the juxtaposition of the cytochrome oxidase subunit I 
and ATPase subunit 6 genes on the three smallest mtDNAs is the same as 
seen on the mtDNAs of S. cerevisiae, T. glabrata, K. africana and S. 
exiguus. However these examples are the only similarities in gene order 
between the seven studied yeasts and the five other mapped yeast mtDNAs. 
Two examples of conservation of gene order occur in comparison to 
filamentous ascomycetes such as N. crassa, A. nidulans or P. anserina. 
The juxtapositon of the ATPase subunits 6 and 9 on the mtDNAs of B.
anomalus and B. custersii occurs too on N. crassa mtDNA, although the
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mitochondrial copy of this gene is not functional. The cytochrome oxidase 
subunit III and LrRNA genes are clustered in all Dekkera/Brettanomyces and 
Eeniella yeast mtDNAs, this situation also occurs on the A. nidulans 
mtDNA however these genes are separated by a series of tRNA genes.
Notwithstanding the possible presence or absence of some genes as 
a reason for size variation, the major factor is likely to be in variation 
of intergenic (spacer) regions. The cumulative size of spacer regions 
runs from 10.5 Kbp in B. custersianus to a 73.0 Kbp in B. custersii. 
These values are based on the known sizes of gene clusters and do not take 
into account the eventual presence of yet to be identified genes (see 
above). Likewise spacer variation is the major contributing factor to 
size variation between the 19.0 Kbp T. glabrata mtDNA and the 68 - 80 Kbp 
5. cerevisiae mtDNA. Whereas the former molecule has intergenic spacer 
regions between 200 - 400 bp the latter molecule contains larger stretches 
of non-coding DNA (Clark-Walker and Sriprakash, 1985; Prunell and 
Bernardi, 1977). In the Dekkera/Brettanomyces mtDNAs the paucity of 
restriction sites in the regions between the mapped genes and the lower 
buoyant density of the larger mtDNAs (McArthur and Clark-Walker, 1983) 
suggests that intergenic (spacer) regions consist of A+T rich stretches. 
The same A+T richness of spacer regions in S. cerevisiae and T. glabrata 
mtDNAs has been directly observed by sequence determination (Clark-Walker 
and Sriprakash, 1985; Prunell and Bernardi, 1977) .
One of the aims of the present study has been to establish the 
relationship between the mtDNAs of the Dekkera/Brettanomyces and Eeniella 
genera and to gain insight into the steps involved in the formation of
these molecules. The construction of restriction site and genomic maps
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forme d the basis for this study. Construction of dendrograms based on 
comparisons of restriction sites in mtDNAs can give insight into the 
phylogenetic relationship of organisms (see Lansman et al., 1981; Adams 
and Rothman, 1982; Solignac et al., 1986). In the present study the main 
conclusions from the trees generated for the mtDNAs from the 
Dekkera/Brettanomyces and Eeniella yeasts was the vindication of the 
predictions of chapters II and III, namely that E. nana should be re­
affiliated with the Dekkera/Brettanomyces genus and that the Dekkera 
species be considered as two strains of one species. The percentage 
nucleotide divergence between mtDNAs from E. nana and either B. 
naardenensis or B. custersianus is around 10%. This is a much smaller 
amount than the divergence between B. anomalus mtDNA and any of the other 
six molecules. Indeed the divergence between the former yeast mtDNA and 
the remaining mtDNAs casts doubt on the inclusion of B. anomalus in the 
Dekkera/Brettanomyces genus.
The percentage nucleotide divergence between mtDNAs from D. 
intermedia and D. bruxellensis, is only around 1%. As indicated, these 
values calculated by the method described in Chapter IV should be 
considered as under estimates. However if more restriction morphs had 
been included in the comparison, this figure would drop. Taken together 
with the similarities in gene order it must be concluded that the Dekkera 
species are really no further apart than some S. cerevisiae strains which 
differ by the presence or absence of optional introns (Sanders et al., 
1977) .
Any interpretation of relations determined by the present methods 
needs to take into account that dendrograms can only be considered as
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phylogenetic trees when a constant rate of evolution is assumed. However, 
even in the case of the Wagner's parsimony model, for which the latter 
assumption is not required, the evolutionary trees generated by the former 
method and the UPGMA method are unrooted. This effectively limits insight 
into the evolutionary pathways. Inclusion of a root in an evolutionary 
tree is a prerequisite for the reconstruction of the true history of 
events. Only then can the evolution of mtDNA in this genus be deduced 
which may in turn serve as a model for yeast mtDNA evolution in general. 
Questions about the ancestry of introns and A+T rich intergenic sequences 
can then be examined. Although it is generally accepted that introns are 
an ancient characteristic of mtDNA, direct evidence is still lacking. As 
to the question of A+T rich sequences, which should be considered as the 
main component of size variance, it is important to know whether these are 
a modern or ancient characteristic of mtDNA. These questions could be 
addressed more thoroughly if the evolutionary trees were rooted.
Comparison to yeast mtDNAs from other groups would be necessary for this 
analysis. Furthermore the trees based on restriction site comparisons 
should be corroborated by direct sequence determination from either 
mitochondrial or nuclear genes.
In summary the main conclusions from this study are that the 
mtDNAs from the Dekkera/Brettanomyces and Eeniella genera encompass the 
greatest size variance encountered in mitochondrial genomes from related 
yeasts. In spite of the fourfold size range the genic contents of these 
genomes is almost identical and it appears that the main differences 
between the molecules lies in expansion or contraction of the site poor
regions between the gene clusters. It is likely that these are A+T rich
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sequences. The classification of E. nana in a separate genus does not 
seem to be vindicated by the evidence presented in this study. In fact 
its inclusion in the Brettanomyces genus would be more justified than the 
retention of B. anomalus. In addition the Dekkera species should be 
considered as 2 strains of either D. intermedia or D. bruxellensis. 
Finally this study demonstrates that mtDNA characterization can provide 
quantitative information that is useful for yeast taxonomy.
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APPENDICES
APPENDIX A
MATERIALS AND METHODS
A-l
1) Chemicals
Agarose Type II (No. 6877) from Sigma, St. Louis, MO. 63178, USA.
Caesium chloride (AR grade) from Metallgesellschaft AG Frankfurt am Main, 
FRG.
Bisbenzimide (Hoechst 33258) from Riedel de Haen AG Seelze-Hanover, FRG. 
Ethidium bromide (2,7-diamino-10-ethyl-phenyl phenanthridium bromide) from 
Calbiochem, San Diego, CA, 92112, USA.
Sarkosyl-NL-30 from CIBA Geigy, St. Leonards N.S.W., Australia.
Yeast extract, bactopeptone, bactotryptone and agar were supplied by 
Difco, Detroit, USA.
All other reagents were AR grade.
2) Media and Buffers
a) media
GYP: yeast extract 0.5% w/v; bactopeptone 1% w/v; glucose 2% w/v.
SOB: Bactotryptone 2.0% w/v; yeast extract 0.5% w/v; 10 mM
NaCl; 2.5 mM KC1; 10 mM MgC^; 10 mM MgSO^, autoclave magnesium 
salts separately.
YT: Bactotryptone 0.8% w/v; NaCl 0.5% w/v; yeast extract 0.5% w/v.
For indicator plates add (after autoclaving, before pouring): 50 
mg IPTG/1; 50 mg x-gal/1; 40 mg ampicillin/1.
Solid media was made by the addition of 1.5% w/v difco agar.
b) buffers
SSC(lx): 150 mM NaCl; 15 mM sodium citrate pH 7.0.
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TA restriction digest buffer: 33mM TRIS acetate pH 7.9; 66 mM 
potassium acetate; 10 mM magnesium acetate ; 0.5 mM 
dithiothreitol; 100 fig/ml bovine serum albumin.
TRIS acetate electrophoresis buffer: 40 mM TRIS/HC1 (pH 7.8); 20 mM 
sodium acetate; 1 mM EDTA and 0.8 |ig/ml EtBr.
TRIS borate electrophoresis buffer: 0.2 M TRIS/HCl (pH 8.3); 0.2 M 
Boric acid; 1 mM EDTA.
TFB: 10 mM K-MES (pH 6.2); 100 mM RbCl; 45 mM MnCl2-4xH20; 10 mM
CaCl2.2H20; 3 mM HACoCl^ (=heaxamine cobalt(III) chloride); 
sterile filtered, stored at 4 °C.
3) Isolation of MtDNA
Cultures were routinely grown at 30 °C in 4 litres of GYP shaken 
at 200 rpm on an orbital shaker until an OD.640 value of 10-20 units/ml 
was reached. Cells were harvested at 4500 rpm in a Sorvall RC-3 rotor, 
washed once in cold SE buffer (0.5 M sorbitol; 0.5 M EDTA; pH 7.0) and 
resuspended in a small volume of the same buffer. The yeast cells were 
disrupted with glass beads (0.5 mm in diameter) in a Braun homogenizer 
(B.Braun, Melsungen, W.-Germany) for 35 seconds at fast speed. Unbroken 
cells and debris were removed by centrifugation for 5 minutes at 5000 rpm 
in a Sorvall SS34 rotor precooled to 4 °C. The supernatant was decanted 
and centrifuged at 12000 rpm for 20 minutes in a Sorvall SS34 rotor and 
the mitochondrial pellet was washed by resuspension in cold SE buffer.
The mitochondria obtained in this way were lysed with 2% sarkosyl and 
loaded onto a 10.25 ml CsCl-bisbenzimide gradient (8.6 g CsCl; 0.6 ml 0.1 
M EDTA pH 7.0; 100 (lg bisbenzimide (Hoechst 33258); distilled water to
10.25 ml). The solution was centrifuged at 16000 rpm for 15 minutes in a
Sorvall SS34 rotor and poured from beneath the protein pellicle into a 50 
Ti polyallomer tube which was then overlayed with paraffin and capped. 
The gradient was formed at 44000 rpm in a Beckman 50 Ti rotor over 48 
hours at 15 °C.
The dye bisbenzimide can form a complex with DNA (Manuelidis, 
1977) and is included to enhance separation of mitochondrial and nuclear 
DNA. Binding requires three adjacent d[A.T] base pairs (Müller and 
Gautier, 1975) and it has been found that mitochondrial DNA, because of 
its base composition, binds more of the dye than the nuclear DNA. A 
preparative CsCl-bisbenzimide gradient is shown in Fig. A-l.
DNA was visualized in the gradient by ultra-violet light excited 
fluorescence and the mitochondrial DNA extracted by side-puncture of the 
tube using a 18 gauge needle. Bisbenzimide was removed from the DNA by 
four extractions with equal volumes of 5 M NaCl-saturated propan-2-ol and 
the samples dialysed overnight against 1/10 x TE. After dialysis, the 
sample was concentrated by rotary evaporation and protein removed by three 
to six extractions with equal volumes of phenol and chloroform. DNA was 
precipitated at -20 °C by the addition of 1/10 volume of 3 M sodium 
acetate (pH 5.5) and two volumes of absolute ethanol. Precipitated DNA 
was dried and resuspended to approximately 1 Jig per 5 J l l  in 1 x TE and 
stored at -20 °C.
4) Restriction Endonuclease Digestion of MtDNA
The recognition sequences and the organisms of origin of the 
restriction enzymes used in this study are given in Table A-l. All 
digests were peformed in the presence of l x  TA buffer (O'Farrell et al.,
1980, see 'Media and Buffers' for composition). The amount of DNA used
Fig. A-l.
Separation of mitochondrial DNA (upper band) and nuclear DNA (lower 
band) on a CsCl-bisbenzimide gradient. The photograph was taken under
UV illumination at 350 run.
Restriction 
endonucleases :
Recognition sequence:
Aha III 
Ava II 
Alu I
Asu I(Sau 96)
Acc I
Bgl I
Bam HI
Bst Eli
Bel I
Bgl II
Bee R(Fnu DII)
Cla I
Dde I
Eco RI
Eco RII
Eco RV
Hph I
Hha I
Hpa I
Hpa II
Hin ell
Hin fI
Hin dill
Hae III
Kpn I
Mbo I (Sau 3A)
Nci I
Nde I
Nco I
Pst I
Pvu I
Pvu II
Sal I
Sac I
Sma I
Sph I
Taq I
Xho I
Xma III
Xba I
Xmn I
Xho II
TTTAAAA 
GAG (A/T)CC 
AGACT 
GAGNCC
GT(A/C)(G/T)AC
GCCNNNNANGGC
GAGATCC
GaGTNACC
TAGATCA
AAGATCT
CGCG
ATACGAT
CATNAG
GaAATTC
ACC(A/T)GG
GATATAC
GGTGA
GCGAC
GTTAAAC
CACGG *GTPuPyAC
GAANTC
AAAGCTT
GGACC
GGTACAC
AGATC
CC(C/G)GGG
CAATATG
CACATGG
CTGCAAG
CGATACG
CAGACTG
GATCGAC
GAGCTAC
CCCAGGG
GCATGAC
T ACGA
CATCGAG
CAGGCCG
TACTAGA
GAANNANNTTC
PuAGATCPy
Table A-l.
List of restriction endonucleases used in this study. All
recognition sequences are listed 5' to 3'. Cleavage points (where known)
are indicated by 'A'. Nucleotides in brackets indicate that the
*restriction endonuclease recognizes either of these nucleotides. : Pu
means purine whereas Py means pyrimidine.
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was adjusted so as to give approximately 0.1 Jig of DNA per band on the 
gel. The digestion temperature was 37 °C except in the case of Taq I 
which has an optimum of 56 °C. Digestion was terminated in each case by 
the addition of 1/5 digest volume of bromophenol blue (in 50% w/v sucrose, 
1% w/v SDS).
5) Agarose Gel Electrophoresis and Photography of Gels
Flat bed gel electrophoresis was performed using 0.6%-1.5% agarose 
(Sigma type II) in a TRIS acetate electrophoresis buffer.
Samples were loaded into the wells through a 2 mm overlay of the 
electrophoresis buffer and run overnight (15 hours) at 40-50 mA constant 
current. Photography was under UV illumination with Polaroid type 665 
film through a Kodak. Wratten 23A orange filter. A polaroid MP4 land 
camera was used.
6) Determination of Restriction Fragment Size
Fragment size was estimated by the mobility of the fragment 
relative to marker bands of known size which were used to draw a standard 
migration curve. The marker mix used comprised digests of bacteriophage 
lambda (>>c72) and plasmid pBR322. Fragment sizes of the markers and the 
enzymes used to cleave them are given in Table A-2.
7) Transfer of DNA to Nitrocellulose Filters
After electrophoretic separation of restriction fragments the 
channels to be transferred were cut from the gel and washed in 0.5 M NaOH/
lambda (Xcl2): pBr322:
digest fragments digest fragments
Xho I: 33.5 Eco RI: 4.36
15.0
Bam Hl/Pst I 3.24
Hind III 23.1 1.13
9.42
6.56 Eco RI/Pvu II 2.29
4.36
2.32
2.07
2.02 Alu I 0.91
0.56 0.66
0.52
0.40
0.28
0.26
Hinf I 1.632
0.517 
0.506 
0.396 
0.344 
0.298 
0.221 
0.220
Table A-2.
Size markers used to construct standard mobility curve on 0.6% - 1.5% 
agarose gels. Fragments sizes are given in Kbp. Lambda Xho I was used 
primarily to give a high molecular weight marker. Whereas pBr322 Hint 
I or Alu I were used mainly as low molecular weight markers.
References:
Xcl2 : Daniels et al. (1980) 
pBr322 : Sutcliff (1978) .
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0.5 M NaCl. The solution was replaced with fresh solution after five 
minutes and left at room temperature for 30 minutes to one hour. The gel 
was then neutralised in 0.5 M TRIS (pH 7.5)/ 2 M NaCl for 30 minutes and 
subsequently washed in 20 x SSC for a further 30 minutes. DNA was 
transferred unidirectionally or bidirectionally to one or two 
nitrocellulose filters (Schleicher and Schell BA85) or Biodyne filters 
(PALL Ultrafine Filtration Corp, Glen Cove N.Y. 11542, USA) according to 
the method of Smith and Summers (1980). After 1-2 hours the filters were 
rinsed for 5 minutes in 2 x SSC and baked at 80 °C in a vacuum oven for 1- 
2 hours.
328) __P Labelling of DNA Using Random Primers
The DNA to be labelled (0.5-2.0 |ig) was melted at 90-100 °C for 
three minutes in the presence of approximately 50)ig random primers 
(prepared from calf thymus DNA) in a total volume of 20 Hi of 1 x TA 
buffer. The mixture was cooled rapidly on ice to allow the random primers 
to anneal with the sample DNA. Closed circular DNAs were first cut with 
an appropriate restriction enzyme to prevent reassociation of melted but 
interlocking circles. The reaction mixture was assembled by adding, in 
order, 5 Jll 10 x TA, 2.5 |ll each of dCTP, dGTP and DTTP (0.5 Jlg/fll) , 13.5 
Jll H2O, 2 |ll a ^ p  dATP (Amersham Australia PTY. Ltd.) and 2 Jll DNA 
polymerase I (Klenow fragment supplied by Boehringer Mannheim GmbH, W.- 
Germany). After 1 hr at 37 °C the reaction was stopped by heating the 
sample for 10 minutes at 70 °C. Subsequently the labelled material was 
added to a G50 Sephadex column (assembled in a blue Gilson tip) to 
separate the mononucleotides from the labelled DNA fragments. 10 Jll of a 
5% blue dextran solution was added in order to keep track of the labelled
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DNA (the blue dextran co-migrated with the large labelled DNA fragments). 
The activity of the labelled DNA was measured after adding 1 |il of the 
labelled solution to 10 ml of scintillation liquid (0.5% (w/v) PPO in 
toluene) in a liquid scintillation counter (type: LKB Wallac, 1215 
Rackbeta II). The labelled DNA was stored in a lead pig at -20 °C.
9) DNA-DNA Hybridization and Autoradiography
Nitrocellulose or Biodyne filters to which DNA had been bound (see
above) were sealed in plastic bags with 2-3 ml of a prehybridization
mixture comprising 0.2 % w/v bovine serum albumin (Sigma), 0.2% w/v Ficoll
(Pharmacia), 0.2% w/v polyvinyl pyrolidone PVP360 (Sigma), 0.1% w/v SDS
(Sigma), 10 mM HEPES pH 7.0 (Sigma), 18 |lg/ml calf thymus DNA and 10 Jig/ml
E. coli tRNA, in 3 x SSC. Prehybridization was carried out for 1 hour in a 
o 32water bath at 58 °C. P-labelled probe DNA (melted for three minutes at 
o 590-100 C) was added at approximately 2x10 cpm per channel on the filter 
and incubated at 58 °C for 16-20 hours. The filters were then washed two 
times for 20 minutes in 2 x SSC at room temperature and blotted dry.
Autoradiography was carried out at -80 °C with Kodak X-Omat XS5 X- 
ray film using an Ilford intensifier screen.
APPENDIX B
RESTRICTION ENDONUCLEASE SITE MAPS
Table B-l.
Mapped and total number of restriction endonuclease sites on 
yeast mtDNA from the Dekkera/Brettanomyces and Eeniella 
genera; summary:
★: B .cu = Brettanomyces custersianus; E.na = Eeniella nana; 
B.na = Brettanomyces naardenensis; B.an = Brettanomyces 
anomalus; D .in = Dekkera intermedia; D.br = Dekkera
k k
bruxellensis; B.ci = Brettanomyces custersii. () =
figures in brackets denote the actual number of site on the
k k k Igenome. ? : no information available; ' : means more than
20 sites per genome.
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Number of
mapped sites ★on: B . cu :
Size of
mtDNA (Kbp): 28.5
Restriction
endonuclease:
Aha III i» •
Ava II 2 (8 )
Alu I »
Asu I 2(9)
Acc I 2(4)
Bgl I 0 (0 )
Bam HI 2 (2 )
Bst Eli 0 (0 )
Bel I 2 (8 )
Bgl II 5(5)
Bee R 0 (0 )
Dde I »
Cla I 3(3)
Eco RI 3(3)
Eco RII 005)
Eco RV 6 (6 )
Hph I 0 (1 0 )
Hha I 0 (0 )
Hpa I 7
Hpa II 4(4)
Hin ell 0(5)
Hin fl 0 (> 1 2 )
Hin dill 5(5)
Hae III 4(4)
Kpn I 0 (0 )
Nci I 2 (2 )
Mbo I »
Pst I 2 (2 )
Pvu II 2 (2 )
Sal I K D
Sac I 1 (1 )
Sma I 0 (0 )
Sph I 0 (0 )
Taq I 0(14)
Xho I 0 (0 )
Xma III 0 (0 )
Xba I 7
Nco I 0 (0 )
Pvu I 0 (0 )
Nde I 005)
Xmn I 0(5)
Xho II 0 (2 ?)
Total amount of
mapped sites : 48
* * *E . na : B . na : B . an
34.5 41.7 57.7
**
0 (0 ) » »
7(7) 7(7) 3(3)
» » »
7(7) 7(7) 4(4)
0 (2 ) 0(5) 0 (8 )
0 (0 ) 7 0 (0 )
3(3) 4(4) 3(3)
7 0 (0 ) 0 (0 )
7 0 (0 ) 0 (6 )
3(3) 0 (0 ) 0 07)
7 0 (0 ) 0 (0 )
» » »
2 (2 ) 2 (2 ) 1 (1 )
3(3) 4(4) 5(5)
7 7 7
5(5) 4(4) 8 (8 )
7 0 09) 0 O 1 1 )7 0 (0 ) 2 (2 )
5(5) 0(4) 4(4)
3(3) 4(4) 4 (4)
6 (6 ) 004) 4(4)
0 (>18) 0 (0 ) 0 (>2 2 )
5(5) 5(5) 3(3)
0 (0 ) 2 (2 ) 3(3)
0 (0 ) 0 (0 ) 0 (0 )
1 (1 ) 0 (0 ) K l )
» » »
K l ) 0 (0 ) 0 (0 )
K l ) 3(3) 3(3)
K l ) K l ) 0 (0 )
K l ) K l ) 1 (1 )7 0 (0 ) 0 (0 )
0 (0 ) 1 (1 ) 0 (0 )7 0(16) 7
0 (0 ) 1 (1 ) 0 (0 )
7 7 7
7 7 7
7 7 7
7 0 (0 ) 0 (0 )
7 0 05) 0 (0 )
7 0 (6 ) 0(7)
7 7 7
54 46 49
D . in : D.br : B . ci
73.2 85.0 1 0 1 . 1
» » »
4 (4 ) 4 (4) 3(3)
» » »
6 (6) 6 (6) 4 ( 4 ) * * * 70 ( 9) 0 ( 9)
0 (0) 0 ( 0 ) 7
1 ( 1 ) 1 ( 1 ) K l )
0 ( 0 ) 0 ( 0 ) 7
0 (0) 0 ( 0 )  . 7
0 ( 9) 0 ( 9) 7
1 ( 1 ) K l ) K l )
» » »
2 ( 2 ) 2 ( 2 ) 2 (2)
5(5) 5(5) 5(5)
7 7 7
0 ( 1 1 ) 0 ( 11) 7
0 O 1 1 ) 0 O i l ) 7
1 ( 1 ) 1 ( 1 ) 2 (2)
4 (4 ) 4 ( 4) 5(5)
5(5) 5(5) 7 (7 )
5(5) 5(5) 5(5)
0 ( >2 0 ) 0 ( >20) »
7 (7 ) 7 (7 ) 8 (8)
3(3) 3(3) 3(3)
0 ( 0 ) 0 ( 0 ) 0 ( 0 )
0 ( 0 ) 0 ( 0 ) 7
» » »
K l ) K l ) K l )
2 ( 2 ) 2 ( 2 ) 1 ( 1 )
0 ( 0 ) 0 ( 0 ) 0 ( 0 )
1 ( 1 ) 1 ( 1 ) 1 ( 1 )
0 (0) 0 ( 0 ) 7
0 ( 0 ) 0 ( 0 ) 7
7 7 7
0 ( 0 ) 0 ( 0 ) 7
7 7 7
7 7 7
7 7 7
0 ( 0 ) 0 ( 0 ) 7
0 ( 0 ) 0 ( 0 ) 7
0 (7 ) 0 (7 ) 7
7 7 7
48 48 49
B-2
Brettanomyces cvstersianus
Size: 28.49 Kbp; 48 sites mapped.
Restriction mapcoordinates
endonucleases: in Kbp :
Cla I - Sal I: 0.0 - 0.1 = 0.1
Sal I - Sac I: 0.1 - 1.25 = 1.15
Sac I - Pst I: 1.25 - 2.23 = 0.98
Pst I - Pvu I I: 2.23 - 2.76 = 0.53
Pvu II - Bgl II: 2.76 - 2.95 = 0.19
Bgl II - Eco RV: 2.95 - 2.96 = 0.01
Eco RV - Pst I: 2.96 - 3.7 = 0.74
Pst I - Asu I (Ava II): 3.7 - 4.01 = 0.31
Asu KAva II) - Hpa II (Nci I): 4.01 - 4.31 = 0.3
Hpa II(Nci I) - Hin dill: 4.31 - 4.32 = 0.01
Hin dill - Eco RV: 4.32 - 4.37 = 0.05
Eco RV - Pvu II: 4.37 - 4.75 = 0.38
Pvu II - Hae III: 4.75 - 4.82 = 0.07
Hae III - Bgl II: 4.82 - 4.85 = 0.03
Bgl II - Bel I: 4.85 - 5.07 = 0.22
Bel I - Hin dill: 5.07 - 5.75 = 0.68
Hin dill - Eco RV: 5.75 - 5.87 = 0.12
Eco RV - Bgl II: 5.87 - 6.45 = 0.58
Bgl II - Hae III: 6.45 - 7.87 = 1.42
Hae III - Eco RV: 7.87 - 8.07 = 0.2
Eco RV - Eco RI: 8.07 - 10.07 = 2.0
Eco RI - Acc I: 10.07 - 11.52 = 1.45
Acc I - Eco RV: 11.52 - 12.37 = 0.85
Eco RV - Bgl II: 12.37 - 13.07 = 0.7
Bgl II - Bam HI: 13.07 - 14.32 = 1.25
Bam HI - Hae III: 14.32 - 14.37 = 0.05
Hae III - Hpa II: 14.37 - 14.52 = 0.15
Hpa II - Bgl II: 14.52 - 17.77 = 3.25
Bgl II - Hae III: 17.77 - 18.97 = 1.2
Hae III - Hpa II: 18.97 - 20.27 = 1.3
Hpa II - Hin dill: 20.27 - 20.67 = 0.4
Hin dill - Hin dill: 20.67 - 21.44 = 0.77
Hin dill - Bam HI: 21.44 - 21.5 = 0.06
Bam HI - Eco RV: 21.5 -• 22.09 = 0.59
Eco RV - Cla I: 22.09 - 22.69 = 0.6
Cla I - Cla I: 22.69 - 23.89 = 1.2
Cla I - Hin dill: 23.89 - 26.09 = 2.2
Hin dill - Eco RI: 26.09 - 26.34 = 0.25
Eco RI - Bel I: 26.34 - 26.99 = 0.65
Bel I - Hpa II(Nci I)} 
Asu I (Ava II)}: 26.99 - 27.54 = 0.55
Hpa
Asu
II(Nci I)}
I (Ava II)} - Eco RI: 27.54 - 27.74 = 0.2
Eco RI - Acc I: 27.74 - 27.94 = 0.2
Acc I - Cla I: 27.94 - 28.49 = 0.55
Table B-2.
Physical description of Brettanomyces custersianus mtDNA.
B-3
Eeniella nana
Size: 34.5 Kbp; 54 sites mapped.
Restriction mapcoordinates
endonucleases: in Kbp:
Cla I - Sal I(Hin ell): 0.0 - 0.1 = 0.1
Sal I(Hin ell) - Sac I: 0.1 - 1.4 = 1.3
Sac I - Eco RV: 1.4 - 3.3 = 1.9
Eco RV - Pst I: 3.3 - 3.9 = 0.6
Pst I - Hpa I(Hin ell): 3.9 - 4.15 = 0.25
Hpa I(Hin ell) - Hin dill: 4.15 - 5.5 = 1.35
Hin dill - Asu I(Ava II): 5.5 - 6.3 = 0.8
Asu I (Ava II) - Bgl II: 6.3 - 6.5 = 0.2
Bgl II - Hin dill: 6.5 - 6.9 = 0.4
Hin dill - Eco RV: 6.9 - 6.95 = 0.05
Eco RV - Asu I (Ava II) : 6.95 - 8.6 = 1.65
Asu I(Ava II) - Cla I: 8.6 - 9.6 = 1.0
Cla I - Eco RV: 9.6 - 11.3 = 1.7
Eco RV - Pvu II: 11.3 - 11.45 = 0.15
Pvu II - Eco RI: 11.45 - 11.6 = 0.15
Eco RI - Hpa II (Nci I) : 11.6 - 11.65 = 0.05
Hpa II(Nci I) - Hin ell}
Hpa I }: 11.65 - 11.9 = 0.25
Hin ell}
Hpa I } - Asu I(Ava II): 11.9 - 12.2 = 0.3
Asu I(Ava II) - Bgl II: 12.2 - 15.95 = 3.75
Bgl II - Bam HI: 15.95 - 16.25 = 0.3
Bam HI - Hpa II: 16.25 - 16.35 = 0.1
Hpa II - Asu I(Ava II): 16.35 - 17.2 = 0.85
Asu I(Ava II) - Hin dill: 17.2 - 17.95 = 0.75
Hin dill - Asu I(Ava II): 17.95 - 18.05 = 0.1
Asu I(Ava II) - Eco RV: 18.05 - 18.95 = 0.9
Eco RV - Hin dill: 18.95 - 23.35 = 4.4
Hin dill - Bam HI: 23.35 - 23.85 = 0.5
Bam HI - Bgl II: 23.85 - 24.85 = 1.0
Bgl II - Hin ell}
Hpa I }: 24.85 - 24.9 = 0.05
Hin ell}
Hpa I } - Asu I(Ava II): 24.9 - 25.15 = 0.25
Asu I(Ava II) - Eco RV: 25.15 - 26.65 = 1.5
Eco RV - Bam HI: 26.65 - 27.25 = 0.6
Bam HI - Hpa II: 27.25 - 27.6 = 0.35
Hpa II - Hpa I(Hin ell) : 27.6 - 30.45 = 2.85
Hpa I(Hin ell) - Hin ell}
Hpa I }: 30.45 - 31.25 = 0.8
Hpa I (Hin ell) - Eco RI: 31.25 - 31.6 = 0.35
Eco RI - Hin dill: 31.6 - 31.95 = 0.35
Hin dill - Asu I(Ava II) : 31.95 - 33.45 = 1.5
Asu I (Ava II) - Eco RI: 33.45 - 33.65 = 0.2
Eco RI - Cla I: 33.65 - 34.45 = 0.8
Table B-3.
Physical description of Eeniella nana mtDNA.
B-4
Brettanomyces naardenensis
Size:41.7 Kbp; 46 sites mapped.
Restriction
endonucleases :
Cla I - Sal I:
Sal I - Sph I:
Sph I - Sac I:
Sac I - Pvu II:
Pvu II - Cla I:
Cla I - Pvu II:
Pvu II - Bam HI:
Bam HI - Hin dill:
Hin dill - Asu I(Ava II)
Asu I (Ava II) - Hin d m
Hin dill - Eco RV:
Eco RV - Hpa II:
Hpa II - Asu I (Ava II) :
Asu I (Ava II) - Eco RV:
Eco RV - Eco RI:
Eco RI - Eco RV:
Eco RV - Hae III:
Hae III - Bam HI:
Bam HI - Hpa II:
Hpa II - Xho I:
Xho I - Asu I (Ava II):
Asu I (Ava II) - Ava 11}
Asu I }:
Asu I(Ava II) - Hpa II:
Hpa II - Bam HI:
Bam HI - Hin dill:
Hin dill - Hpa II:
Hpa II - Asu I(Ava II):
Asu I(Ava II) - Eco RV:
Eco RV - Pvu II:
Pvu II - Hae III:
Hae III - Hin dill:
Hin dill - Bam HI:
Bam HI - Eco RI:
Eco RI - Eco RI:
Eco RI - Hin dill:
Hin dill - Asu I(Ava II)
Asu I(Ava II) - Ava 11}
Asu I }:
Asu I(Ava II) - Eco RI:
Eco RI - Cla I:
map-coordinates 
in Kbp:
0.0 -  0.21 =  0.21 
0.21 - 0.51 = 0.3 
0.51 - 1.35 = 0.84 
1.35 - 2.25 = 0.9
2.25 - 2.85 = 0.6 
2.85 - 3.72 = 0.87 
3.72 - 4.26 = 0.54
4.26 - 5.3 = 1.04 
5.3 - 6.08 = 0.78
6.08 - 6.7 = 0.62
6.7 - 6.81 = 0.11 
6.81 - 6.98 = 0.17 
6.98 - 8.53 = 1.55 
8.53 - 12.01 = 3.48 
12.01 - 12.13 = 0.12 
12.13 - 14.31 = 2.18 
14.31 - 17.33 = 3.02
17.33 - 18.16 = 0.83 
18.16 - 18.55 = 0.39 
18.55 - 18.73 = 0.18
18.73 - 18.93 = 0.2
18.93 - 23.23 = 4.3 
23.23 - 23.75 = 0.52 
23.75 - 24.7 = 0.95
24.7 - 24.8 = 0.1
24.8 - 25.47 = 0.67 
25.47 - 25.78 = 0.31
25.78 - 27.28 = 1.5 
27.28 - 27.34 = 0.06
27.34 - 27.83 = 0.49 
27.83 - 29.0 = 1.17 
29.0 - 30.6 = 1.
30.6 - 34.7 = 4.1
34.7 - 37.5 = 2.8 
37.5 - 37.8 = 0.3
37.8 - 39.73 = 1.93
39.73 - 40.78 = 1.05
40.78 - 40.91 = 0.13 
40.91 - 41.7 = 0.79
Table B-4.
Physical description of Brettanomyces naardenensis mtDNA.
B-5
Brettanomyces anomalus
Size: 57.7 Kbp; 49 sites mapped.
Restriction map-coordinates
endonucleases: in Kbp:
Cla I - Sac I: 0.0 - 1.5 = 1.5
Sac I - Bam HI: 1.5 - 2.4 = 0.9
Bam HI - Eco RV: 2.4 - 5.8 = 3.4
Eco RV - Hpa II: 5.8 - 6.2 = 0.4
Hpa II - Asu I: 6.2 - 10.0 = 3.8
Asu I - Hpa I (Hin ell) : 10.0 - 10.1 = 0.1
Hpa I (Hin ell) - Eco RV: 10.1 - 10.3 = 0.2
Eco RV - Asu I (Ava II): 10.3 - 10.9 = 0.6
Asu I (Ava II) - Eco RI: 10.9 - 13.45 = 2.55
Eco RI - Hin dill: 13.45 - 14.3 = 0.85
Hin dill - Bam HI: 14.3 - 14.4 = 0.1
Bam HI - Hpa II: 14.4 - 15.2 = 0.8
Hpa II - Asu I (Ava II): 15.2 - 16.1 = 0.9
Asu I (Ava II) - Eco RI: 16.1 - 16.15 = 0.05
Eco RI - Hpa I (Hin ell) : 16.15 - 16.7 = 0.55
Hpa I (Hin ell) - Eco RI: 16.7 - 17.3 = 0.6
Eco RI - Eco RV: 17.3 - 20.5 = 3.2
Eco RV - Eco RV: 20.5 - 27.0 = 6.5
Eco RV - Eco RI: 27.0 - 27.35 = 0.35
Eco RI - Hhal: 27.35 - 30.0 = 2.65
Hha I - Eco RV: 30.0 - 33.4 = 3.4
Eco RV - Bam HI: 33.4 - 34.55 = 1.15
Bam HI - Hpa II: 34.55 - 34.8 = 0.25
Hpa II - Hae III: 34.8 - 38.9 = 4.1
Hae III - Asu I (Ava II): 38.9 - 39.1 = 0.2
Asu I (Ava II) - Pvu II: 39.1 - 39.35 = 0.25
Pvu II - Eco RV: 39.35 - 39.4 = 0.05
Eco RV - Hpa II (Nci I) : 39.4 - 39.5 = 0.1
Hpa II(Nci I) - Hae III: 39.5 - 39.85 = 0.35
Hae III - Hpa I (Hin ell) : 39.85 - 41.65 = 1.8
Hpa I (Hin ell) - Eco RV: 41.65 - 41.9 = 0.25
Eco RV - Pvu II: 41.9 - 42.0 = 0.1
Pvu II - Hha I: 42.0 - 42.2 = 0.2
Hha I - Hin dill: 42.2 - 44.0 = 1.8
Hin dill - Hpa I (Hin ell) : 44.0 - 51.7 = 7.7
Hpa I (Hin ell) - Hin dill: 51.7 - 52.4 = 0.7
Hin dill - Hae III: 52.4 - 52.45 = 0.05
Hae III - Pvu II: 52.45 - 54.3 = 1.85
Pvu II - Eco RI: 54.3 - 54.5 = 0.2
Eco RI - Eco RV: 54.5 - 56.1 = 1.6
Eco RV - Cla I: 56.1 - 57.7 = 1.6
Table B-5
Physical description of Brettanomyces anomalus mtDNA.
B-6
Dekkera intermedia
Size: 73.2 Kbp; 48 sites mapped.
Restriction map coordinates
endonucleases: in Kbp:
Cla I - Sac I: 0.0 - 1.7 = 1.7
Sac I - Asu I (Ava II) : 1.7 - 9.7 = 8.0
Asu I (Ava II) - Pvu II: 9.7 - 15.05 = 5.35
Pvu II - Bee R: 15.05 - 17.45 = 2.4
Bee R - Hae III: 17.45 - 22.1 = 4.65
Hae III - Asu I (Ava II) : 22.1 - 23.5 = 1.4
Asu I (Ava II) - Hpa II: 23.5 - 24.9 = 1.4
Hpa II - Hpa II: 24.9 - 28.2 = 3.3
Hpa II - Bam HI: 28.2 - 28.5 = 0.3
Bam HI - Hin dill: 28.5 - 30.1 = 1.6
Hin dill - Hha I: 30.1 - 32.05 = 1.95
Hha I - Cla I: 32.05 - 34.2 = 2.15
Cla I - Hae III(Asu I): 34.2 - 38.6 = 4.4
Hae III(Asu I) - Hin dill: 38.6 - 39.2 = 0.6
Hin dill - Pst I: 39.2 - 40.9 = 1.7
Pst I - Hpa I (Hin ell) : 40.9 - 41.3 = 0.4
Hpa I (Hin ell) - Hpa II: 41.3 - 42.7 = 1.4
Hpa II - Hin dill: 42.7 - 42.9 = 0.2
Hin dill - Hpa I (Hin ell) : 42.9 - 49.3 = 6.4
Hpa I (Hin dl) - Eco RI: 49.3 - 49.8 = 0.5
Eco RI - Hin dill: 49.8 - 52.9 = 3.1
Hin dill - Hpa II: 52.9 - 53.2 = 0.3
Hpa II - Eco RI: 53.2 - 53.3 = 0.1
Eco RI - Hin dill: 53.3 - 53.35 = 0.05
Hin dill - Hpa I (Hin ell) : 53.35 - 54.0 = 0.65
Hpa I (Hin ell) - Hae III}
Asu I } : 54.0 - 55.1 = 1.1
Hae III(Asu I) - Hpa II: 55.1 - 57.4 = 2.3
Hpa II - Eco RI: 57.4 - 62.7 = 5.3
Eco RI - Hin dill: 62.7 - 64.55 = 1.85
Hin dill - Hpa I (Hin ell) : 64.55 - 65.0 = 0.45
Hpa I (Hin dl) - Asu I }
Ava II}: 65.0 - 66.6 = 1.6
Asu I (Ava II) - Hin ell: 66.6 - 67.85 = 1.25
Hin ell - Eco RI: 67.85 - 68.3 = 0.45
Eco RI - Pvu II: 68.3 - 68.5 = 0.2
Pvu II - Eco RI} 
Asu I }
Ava 11}: 68.5 - 71.9 = 3.4
Eco RI}
Asu I }
Ava 11} - Hin dill: 71.9 - 71.95 = 0.05
Hin dill - Cla I: 71.95 - 73.2 = 1.25
Table B-6.
Physical description of Dekkera intermedia mtDNA.
B—7
Dekkera bruxellensis
Size: 85.0 Kbp: 48 sites mapped.
Restriction map coordinates
endonucleases: in Kbp:
Cla I - Sac I: 0.0 - 1.7 = 1.7
Sac I - Asu I (Ava II): 1.7 - 9.8 = 8.1
Asu I (Ava II) - Pvu II: 9.8 - 15.05 = 5.25
Pvu II - Bee R: 15.05 - 16.8 = 1.75
Bee R - Hae III: 16.8 - 21.3 = 4.5
Hae III - Asu I(Ava II) : 21.3 - 23.6 = 2.3
Asu I (Ava II) - Hpa II: 23.6 - 24.1 = 0.5
Hpa II - Hpa II: 24.1 - 27.4 = 3.3
Hpa II - Bam HI: 27.4 - 27.7 = 0.3
Bam HI - Hind III: 27.7 - 30.3 = 2.6
Hind III - Hha I: 30.3 - 32.25 = 1.95
Hha I - Cla I: 32.25 - 35.8 = 3.55
Cla I - Hae III(Asu I) : 35.8 - 40.1 = 4.3
Hae III(Asu I) - Hin dill: 40.1 - 40.8 = 0.7
Hin dill - Hpa I (Hin ell) : 40.8 - 42.4 = 1.6
Hpa I (Hin ell) - Pst I: 42.4 - 42.5 = 0.1
Pst I - Hpa II: 42.5 - 44.2 = 1.7
Hpa II - Hin dill: 44.2 - 44.5 = 0.3
Hin dill - Hpa I (Hin ell) : 44.5 - 50.4 = 5.9
Hpa I (Hin ell) - Eco RI: 50.4 - 51.2 = 0.8
Eco RI - Hin dill: 51.2 - 54.5 = 3.3
Hin dill - Eco RI: 54.5 - 54.6 = 0.1
Eco RI - Hpa II: 54.6 - 54.7 = 0.1
Hpa II - Hin dill: 54.7 - 54.95 = 0.25
Hin dill - Hpa I (Hin ell) : 54.95 - 55.1 = 0.15
Hpa I (Hin ell) - Hae HI)
Asu I } : 55.1 - 56.6 = 1.5
Hae III(Asu I) - Hpa II: 56.6 - 58.9 = 2.3
Hpa II - Eco RI: 58.9 - 74.3 = 15.4
Eco RI - Hin dill: 74.3 - 76.55 = 2.25
Hin dill - Hpa I (Hin ell) : 76.55 - 76.8 = 0.25
Hpa I (Hin ell) - Asu I }
Ava 11} : 76.8 - 78.5 = 1.7
Asu I (Ava II) - Hin ell: 78.5 - 79.65 = 1.15
Hin ell - Eco RI: 79.65 - 80.1 = 0.45
Eco RI - Pvu II: 80.1 - 80.3 = 0.2
Pvu II - Eco RI: 80.3 - 83.7 = 3.4
Eco RI - Hin dill: 83.7 - 83.75 = 0.05
Hin dill - Asu I(Ava II) : 83.75 - 83.8 = 0.05
Asu I(Ava II) - Cla I: 83.8 - 85.0 = 1.2
Table B-7.
Physical description of Dekkera bruxellensis mtDNA.
B-8
Brettanomyces custersii
Size: 101.. 1 Kbp; 4 9 sites mapped.
Restriction mapcoordinates
endonucleases: in Kbp:
Cla I - Sac I: 0.0 - 1.7 = 1.7
Sac I - Hpa I (Hin ell): 1.7 - 1.9 = 0.2
Hpa I (Hin ell) - Cla I: 1.9 - 15.8 = 13.9
Cla I - Hpa II: 15.8 - 19.0 = 3.2
Hpa II - Hin dill: 19.0 - 19.1 = 0.1
Hin dill - Hpa I (Hin ell) : 19.1 - 21.5 = 2.4
Hpa I (Hin ell) - Eco RI: 21.5 - 22.0 = 0.5
Eco RI - Hha I: 22.0 - 26.45 = 4.45
Hha I - Hpa I (Hin ell) : 26.45 - 27.0 = 0.55
Hpa I (Hin dl) - Hpa II: 27.0 - 28.4 = 1.4
Hpa II - Hin dill: 28.4 - 30.1 = 1.7
Hin dill - Hin dill: 30.1 - 33.3 = 3.2
Hin dill - Hpa II: 33.3 - 33.4 = 0.1
Hpa II - Pst I }
Hpa I (Hin ell) } : 33.4 - 35.2 = 1.8
Pst I }
Hpa I (Hin ell)} - Pvu II: 35.2 - 36.75 = 1.55
Pvu II - Hpa II: 36.75 -• 36.8 = 0.05
Hpa II - Hin dill: 36.8 - 36.9 = 0.1
Hin dill - Hae III(Asu I): 36.9 - 37.6 = 0.7
Hae III(Asu I) - Hhal: 37.6- 48.9 = 11.3
Hhal - Hin dill: 48.9 - 50.4 = 1.5
Hin dill - Bam HI: 50.4 - 53.0 = 2.6
Bam HI - Hpa II: 53.0 - 53.1 = 0.1
Hpa II - Eco RI: 53.1 - 55.85 = 2.75
Eco RI - Hpa II: 55.85 -- 56.3 = 0.45
Hpa II - Asu I (Ava II): 56.3 - 56.5 = 0.2
Asu I (Ava II) - Hae III: 56.5 - 58.1 = 1.6
Hae III - Hin dill: 58.1 - 59.2 = 1.1
Hin dill - Bee R: 59.2 - 64.2 = 5.0
Bee R - Asu I (Ava II): 64.2 - 72.1 = 7.9
Asu I (Ava II) - Eco RI: 72.1 - 87.5 = 15.4
Eco RI - Hpa II: 87.5 - 88.7 = 1.2
Hpa II - Hae III: 88.7 - 89.1 = 0.4
Hae III - Hin dill: 89.1 - 91.0 = 1.9
Hin dill - Hin dill: 91.0 - 93.0 = 2.0
Hin dill - Hpa I (Hin ell) : 93.0 - 93.1 = 0.1
Hpa I (Hin dl) - Ava II}
Asu I }: 93.1 - 94.7 = 1.6
Asu I (Ava II) - Eco RI: 94.7 - 96.5 = 1.8
Eco RI - Eco RI: 96.5 - 100.3 = 3.8
Eco RI - Clal: 100.3 -- 101.1 = 0.8
Table B-8.
Physical description of Brettanomyces custersii mtDNA.
APPENDIX C
PHYSICAL DESCRIPTION OF GENOMIC MAPS AND LIST OF HETEROLOGOUS PROBES
Table C-l.
Probes used for hybridization (pages C-l and C-2)
c-l
1: Probes hybridizing to all seven mt DNAs:
Probe gene Size of ] 
fragment
mt DNA Reference
68-4-2 LrRNA(5'-3'): 4.3 Kbp Atchison 
et al. (1979)
E3 5'end LrRNA 305-1958 bp of LrRNA Sor and Fukuhara 
(1983)
P2 SrRNA 5 Kbp Sor and Fukuhara 
(1983)
DS6/A422 Cyt.ox.1 5.3 Kbp, exons 3-7 or 8 Bonitz et 
al. (1980)
DS302 Cyt.ox.2 3.5 Kbp Tzagoloff 
(personal 
communication) .
DS31 Cyt.ox.3 4.5 Kbp Thalenfeld and 
Tzagoloff(1980)
DS400/N1 Cyt .b 431 bp, exon 1 Nobrega and 
Tzagoloff(1980)
DS14 ATPase sub.6 4.1 Kbp Macino and 
Tzagoloff(1980)
DS400/A3 ATPase sub.9 1.8 Kbp Macino and
Tzagoloff(1979)
C-2
2: Probes hybridizing to some but not all mt DNAs
Probe gene Size of mt DNA 
fragment
Reference
C5 3'end LrRNA 2474-4436 bp and 
intron (2689-3831 bp) 
of LrRNA
Sor and Fukuhara 
(1983)
DS6/A401 Cyt.ox.1 6.1 Kbp exons 1 and 2 Bonitz et al. 
(1980)
pScm7 Cyt.ox.3 4.7 Kbp 316 bp of 3' 
end
Clark-Walker et 
al. (1983)
DS400/M11 Cyt .b 3.36 Kbp,exon 3 Nobrega and 
Tzagoloff (1980)
JL10 URF 1 in M13mp6; 563 bp of 
URF 1 from Aspergillus 
nidulans mt DNA
Brown
et al. (1983)
3: Probes that did not hybridize
probe gene Size of mt DNA 
fragment
Reference
G5 ATPase sub.8 681 bp segment of mtDNA 
containing ATPase sub.8 
(aap 1) ATPase 
associated protein.
Macreadie et al. 
(1983)
WG2 URF 4 in M13mp6; 2601 bp 
part of URF 1 and all 
of URF 4 from 
Aspergillus nidulans
Brown et 
al. (1983)
pVarl Variant 1 plasmid; 1.1 Kbp portion 
variant 1 gene
Hudspeth et al. 
(1982)
*: All probes with the exception of pVarl, pScm7 and the two URF sequences 
from Aspergillus nidulans mt DNA are mt DNA fragments from petite
mutants of Saccharomyces cerevisiae.
C-3
Brettanomyces custersianus (28.5 Kbp)
sequence probe mtDNA fragment and Size of fragment
map co-ordinates showing hybrid­
ization
3'end LrRNA C5 EcoRI(27.74)-SacI(1.25) 2.0 Kbp
Cyt.ox.3 DS31 SacI (1.25)-Bglll(2.95) 1.7 Kbp
Cyt.ox.2 DS302 PstI (2.23)-PstI (3.7) 1.47 Kbp
Sail(0.1)-Bglll(2.95) 2.85 Kbp
ATPase sub.9 DS400/A3 Hindlll(5.75)-Bglll(6.45) 0.7 Kbp
URF 1 JL10 EcoRV(8.07)-EcoRI(10.07) 2.0 Kbp
SrRNA P2 Bglll(13.07)-Hpall(14.52) 1.45 Kbp
Hpall(14.52)-Bglll(17.52) 3.25 Kbp
Cyt.b(exon 1) Nl Hpall(14.52)-Bglll(17.77) 3.25 Kbp
Cyt.b(exon 3) Mil Hpall(14.52)-Bglll(17.77) 3.25 Kbp
Cyt.ox.1(3' ) A422 Clal(22.69)-Clal (23.89) 1.2 Kbp
BamHI(21.5)-Hindlll(26.09) 4.59 Kbp
ATPase sub.6 DS14 Clal(23.89)-Hindlll(26.09) 2.2 Kbp
5'end LrRNA E3 EcoRI(26.34)-Hpall(27.54) 1.2 Kbp
Table C-2.
Hybridizable regions of Brettanomyces custersianus mtDNA. Hybridizable 
regions are listed in a clockwise direction beginning with the Cla I site
in the LrRNA sequence as the origin. Map co-ordinates in Kbp are listed
after each restriction site.
C-4
Eeniella nana (34.5 Kbp)
sequence probe mtDNA fragment and Size of fragment
map co-ordinates showing hybrid­
ization
3'end LrRNA C5 Clal(0.0)-SacI(1.4) 1.4 Kbp
Cyt.ox.3 DS31 Clal(0.0)-EcoRV(3.3) 3.3 Kbp
Cyt.ox.2 DS302 SacI(1.4)-PstI(3.9) 2.5 Kbp
Clal(0.0)-EcoRV(3.3) 3.3 Kbp
ATPase sub.9 DS400/A3 EcoRV(6.95)-Asul(8.6) 1.65 Kbp
SrRNA P2 Bglll(15.95)-Asul(17.2) 1.25 Kbp
Asul(12.2)-Asul(17.2) 5.0 Kbp
Cyt.b(exon 1) Nl Hpall(16.35)-Hindlll(17.95) 1.6. Kbp
Hpall(16.35)-EcoRV(18.95) 2.6 Kbp
Cyt.ox.1(5') A401 EcoRV(18.95)-Hindlll(23.35) 4.4 Kbp
Cyt.ox.1(3') A422 Asul(25.15)-EcoRV(26.65) 1.5 Kbp
ATPase sub.6 DS14 Hpal(31.25)-Hindlll(31.95) 0.7 Kbp
5'end LrRNA E3 Hindlll(31.95)-Asul(33.45) 1.5 Kbp
Asul(33.45)-Clal(0.0) 1.05 Kbp
Table C-3.
Hybridizable regions of Eeniella nana mtDNA. Hybridizable regions are 
listed in a clockwise direction beginning with the Cla I site in the LrRNA 
sequence as the origin. Map co-ordinates in Kbp are listed after each
restriction site.
C-5
Brettanomyces naardenensis (41.7 Kbp)
sequence probe
3'end LrRNA C5
Cyt.ox.3 DS31
Cyt.ox.2 DS302
ATPase sub.9 DS400/A3
SrRNA P2
Cyt.b(exon 1) Nl
Cyt.ox.1(3') A422
ATPase sub.6 DS14
5'end LrRNA E3
mtDNA fragment and 
map co-ordinates
Size of fragment 
showing hybrid­
ization
Asul(40.78)-Sail(0.21)
Asul(39.73)-Asul(40.78) 
Clal (0.0)-Clal(2.85)
PvuII(2.25)-PvuII(3.72) 
EcoRV(6.81)-Asul(8.53) 
Haelll(17.33)-Xhol(18.73) 
Hpall(18.55)-Hpall(23.75) 
Xhol(18.73)-Hpall(23.75) 
Hpall(25.47)-Haelll(27.83) 
EcoRI(37.5)-EcoRI(40.91) 
HindiII(37.8)-EcoRI(40.91)
1.13 Kbp 
1.05 Kbp 
2.85 Kbp 
1.47 Kbp 
1.72 Kbp 
1.4 Kbp
5.2 Kbp
5.02 Kbp 
2.36 Kbp 
3.41 Kbp 
3.11 Kbp
Table C-4.
Hybridizable regions of Brettanomyces naardenensis mtDNA. Hybridizable 
regions are listed in a clockwise direction beginning with the Cla I site 
in the LrRNA sequence as the origin. Map co-ordinates in Kbp are listed
after each restriction site.
0 6
Brettanomyces anomalus (57.7 Kbp)
sequence probe mtDNA fragment and Size of fragment
map co-ordinates showing hybrid­
ization
LrRNA 68-4-2 EcoRI(54.5)-Clal(57.7) 3.2 Kbp
(weak) Clal(0.0)-EcoRV(5.8) 5.8 Kbp
3'end LrRNA C5 EcoRV(56.1)-Clal(57.7) 1.6 Kbp
Cyt.ox.3 DS31 Clal(0.0)-BamHI(2.4) 2.4 Kbp
URF1 JL10 Hpall(6.2)-EcoRV(10.3) 4.1 Kbp
Cyt.ox.l(3') A422 Asul(10.9)-Asul(16.1) 5.2 Kbp
Cyt.ox.1(5' ) A401 BamHI(14.4)-EcoRV(20.5) 6.1 Kbp
SrRNA P2 BamHI(34.55)-Haelll(38.9) 4.35 Kbp
Cyt.b(exon 1) Nl BamHI(34.55)-Haelll(38.9) 4.35 Kbp
ATPase sub.9 DS400/A3 PvuII (42.0)-HinduI (44.0) 2.0 Kbp
ATPase sub.6 DS14 Hindlll (44.0) -HinduI (52.4) 8.4 Kbp
Cyt.ox.2 DS302 Haelll(52.45)-PvuII(54.3) 1.85 Kbp
PvuII(54.3)-Clal(0.0) 3.4 Kbp
5'end LrRNA E3 Haelll(52.45)-EcoRV(56.1) 3.65 Kbp
Table 0 5  .
Hybridizable regions of Brettanomyces anomalus mtDNA. Hybridizable 
regions are listed in a clockwise direction beginning with the Cla I site 
in the LrRNA sequence as the origin. Map co-ordinates in Kbp are listed
after each restriction site.
C-7
Dekkera intermedia (73.2 Kbp)
sequence probe mtDNA fragment and 
map co-ordinates
Size of fragment 
showing hybrid­
ization
Cyt.ox.3(3' ) pScm7 Clal(0.0)-Asul(9.8) 9.8 Kbp
Cyt.b(exon 3) Mil Haelll(22.1)-Hpall(24.9) 
(cf. Dekkera bruxellensis)
2.8 Kbp
Cyt.b(exon 1) Nl Hpall(24.9)-Hpall(28.2) 3.3 Kbp
SrRNA P2 Hpall(24.9)-Hpall(28.2) 3.3 Kbp
ATPase sub.9 DS400/A3 Hindlll(39.2)-Hindlll(42.9) 3.7 Kbp
ATPase sub.6 DS14 Hpal(49.3)-Hpal(54.0) 
Hpall(53.2)-Hpall(57.4)
4.7 Kbp 
4.2 Kbp
Cyt.ox.1(3') A422 Hpal(65.0)-Asul(66.6) 1.6 Kbp
Cyt.ox.2 DS302 Hindlll(64.55)-Hindlll(71.95) 7.4. Kbp
LrRNA 68-4-2 Hindlll(64.55)-Clal(0.0) 8.45 Kbp
5'end LrRNA E3 Hpal(65.0)-PvuII(68.5) 3.5 Kbp
3'end LrRNA C5 Hindlll(71.95)-Clal(73.2) 1.25 Kbp
Table C-6.
Hybridizable regions of Dekkera intermedia mtDNA. Hybridizable regions 
are listed in a clockwise direction beginning with the Cla I site in the 
LrRNA sequence as the origin. Map co-ordinates in Kbp are listed after
each restriction site.
C-8
Dekkera bruxellensis (85.0 Kbp)
sequence probe mtDNA fragment and 
map co-ordinates
Size of fragment 
showing hybrid­
ization
Cyt.ox.3(3') pScM7 ClaI(0.0)-Asul(9.8) 9.8 Kbp
Cyt.b(exon 3) Mil Haelll(21.3)-Hpall(24.1) 2.8 Kbp
Cyt.b(exon 1) Nl Hpall(24.1)-Hpall(27.4) 3.3 Kbp
SrRNA P2 Hpall(24.1)-Hpall(27.4) 3.3 Kbp
ATPase sub.9 DS400/A3 HindiII(40.8)-HindiII(44.5) 3.7 Kbp
ATPase sub.6 DS14 HindiII(54.7)-Haelll(56.6) 2.1 Kbp
Cyt.ox.1(3') A422 Hindlll(76.55)-PvuII(80.3) 3.75 Kbp
Cyt.ox.2 DS302 Hindlll(76.55)-Hindlll(83.75) 7.2 Kbp
LrRNA 68-4-2 Hindlll(76.55)-Clal(0.0) 8.45 Kbp
5'end LrRNA E3 Hindlll(7 6.55) -Hindlll(83.75) 7.2. Kbp
3'end LrRNA C5 Hindlll(83.75)-Clal(0.0) 1.25 Kbp
Table C-7 .
Hybridizable regions of Dekkera bruxellensis mtDNA. Hybridizable regions 
are listed in a clockwise direction beginning with the Cla I site in the 
LrRNA sequence as the origin. Map co-ordinates in Kbp are listed after
each restriction site.
C-9
Brettanomyces custersii (101.1 Kbp)
sequence probe mtDNA fragment and Size of fragment
map co-ordinates showing hybrid-
ization
LrRNA 68-4-2 Hindlll(93.0)-Hindlll(19. 1) 27.2 Kbp
3'end LrRNA C5 HindiII(93.0)-HindiII(19. 1) 27.2 Kbp
Cyt.ox.3 DS31 Clal(0.0)-SacI(1.7) 1.7 Kbp
ATPase sub.6 DS14 Hindlll(30.1)-Hindlll(33. 3) 3.2 Kbp
ATPase sub.9 DS400/A3 Hpall(33.4)-Hindlll(36.9) 3.5 Kbp
Hpall(28.4)-Hpall(33.4) 5.0 Kbp
SrRNA P2 Hpall(53.1)-Hpall(56.3) 3.2 Kbp
Cyt.b(exon 1) N1 Hpall(53.1)-Hpall(56.3) 3.2 Kbp
Cyt.b(exon 3) Mil EcoRI(55.85)-BceR(64.2) 8.35 Kbp
Cyt.ox.1(3') A422 Hpall(88.7)-EcoRI(96.5) 7.8 Kbp
Cyt.ox.2 DS302 Hindlll(93.0)-Clal(0.0) 8.1. Kbp
5'end LrRNA E3 Hindlll(93.0)-Clal(0.0) 8.1 Kbp
Table C-8.
Hybridizable regions of Brettanomyces custersii mtDNA. Hybridizable
regions are listed in a clockwise direction beginning with the Cla I site
in the LrRNA sequence as the origin. Map co-ordinates in Kbp are listed
after each restriction site.
APPENDIX D
METHOD FOR CHAPTER IV
D-l
Formulae used for the "rolling origin" method 
Formulae (8) and (10) are from Nei and Li (1979). 
Formulae (19) and (20) are from Nei and Tajima (1981) .
8 = -ln (S)/r (formula 8)
where S is estimated by S,
S = 2n / (n + n ) xy x y
. * . 8 = -ln (S)/r
(formula 10)
r is the number of nucleotides recognized by the restriction enzyme 
(either 6 or 4 in this case).
n is the number of shared sites in mtDNA of species x and species y xy
nx is the number of restriction sites in mtDNA of species x 
n is the number of restriction sites in mtDNA of species y
Formula (8) estimates the percentage nucleotide distance between two 
species for restriction enzymes with a recognition sequence of r
nucleotides.
D-2
To combine the distances for retriction enzymes with 6 and 4 nucleotides
A  Arecognition sequences the 5g and 8^ are weighted using the following 
formula:
^weighted
Whereby
v86/(v86 + v§4).8g + v84/(v56 + v84).54
v6 = V(7Tij)
= V(S)/(r.S)2 (formula 20)
A
V (S) can be calculated by
V(S) = 2/(n + n ) [S (1 — S) - S2 (l - S1/2){1 + 0.5(1 - S1/2)}]x y (formula 19)
